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Zusammenfassung
Gegenwa¨rtige Entwu¨rfe fu¨r schwerionengetriebene Tra¨gheitsfusionsreaktoren erfordern Strahl-
stro¨me von etlichen Kiloampere, die u¨ber eine Distanz von einigen Metern in der Reaktorkam-
mer zum Fusionstarget transportiert werden mu¨ssen. Eine Mo¨glichkeit, den Strahl zu trans-
portieren, bietet der sogenannte Assisted Pinched Transport. Bei dieser Transportmethode
werden die Ionenstrahlen zuna¨chst mit einer adiabatischen Plasmalinse fokussiert und dann in
einem Plasmakanal zum Fusionstarget transportiert. Der Plasmakanal erfu¨llt drei Funktionen:
er neutralisiert die Raumladung und den Strom des Ionenstrahls und erzeugt zusa¨tzlich ein
sehr starkes azimutales Magnetfeld, das den Strahl am Verlassen des Kanals hindert. Dieses
Vorgehen trennt den Fokussiervorgang vom Transport in der Kammer und verringert dadurch
die Anforderungen an die Fokussierung des Strahls.
Diese Arbeit entstand in Zusammenarbeit mit dem Lawrence Berkeley National Laboratory,
das den Assisted Pinched Transport Mode im Rahmen der ARIES Reaktorstudie untersucht.
Der Schwerpunkt dieser Arbeit ist die Erzeugung von langen, freistehenden Plasmakana¨len
und die Untersuchung ihrer Dynamik einschließlich der Entstehung von magnetohydrody-
namischen Instabilita¨ten. Ein weiterer Schwerpunkt ist die Untersuchung der Strahltrans-
porteigenschaften mit Hilfe von Schwerionenstrahlen, die im Linearbeschleuniger UNILAC
der Gesellschaft fu¨r Schwerionenforschung erzeugt wurden.
In fru¨heren Transportexperimenten wurde eine Entladungskammer mit einem Durchmesser
von 60cm und einer La¨nge von 50cm verwendet. Um na¨her an den Reaktorbedingungen zu
sein, wurde die Kammer durch das Einfu¨gen eines neuen Abschnitts um 50cm verla¨ngert, so
dass nun Kana¨le mit einer La¨nge von 1m erzeugt werden ko¨nnen. Da die Verla¨ngerung die
Geometrie der Kammer wesentlich a¨nderte, wurde es notwendig, das elektrische Feld zu op-
timieren. Aufgrund der Ergebnisse elektrostatischer Rechnungen wurden die drei Abschnitte
der Kammer elektrisch isoliert und auf unterschiedliche Potentiale gesetzt, was das Absinken
des elektrischen Feldes zur Kammermitte hin wesentlich reduzierte und somit das Erzeugen
der Kana¨le erleichterte.
Die Kanalerzeugung erfolgt in drei Schritten. Im ersten Schritt wird der Kanal initiiert.
Dazu wird das Gas entweder mit dem Ionenstrahl ionisiert oder mit einem Laser erhitzt. Da
unser Experiment einen Kohlendioxid-Laser verwendet, ist die Laser-Initiierung auf Gase mit
einem geeigneten Absorptionsband, wie es zum Beispiel Ammoniak besitzt, beschra¨nkt. Io-
neninduzierte Kana¨le wurden in vielen Gasen erzeugt, unter anderen Xenon und Krypton.
Der Sinn der Initiierung ist es, ¨Uberschla¨ge zur metallischen Wand der Kammer zu verhin-
dern. Im zweiten Schritt wird eine kleine Entladung, der Prepulse, ausgelo¨st. Sie erhitzt das
Gas und fu¨hrt dadurch zu einer Reduktion der Gasdichte entlang der Achse. Das dadurch
entstehende Dichteprofil stabilisiert die nachfolgende Hauptentladung, die den Transportkanal
erzeugt. Die Entwicklung des Kanals stimmt qualitativ mit Simulationsergebnissen u¨berein,
die mit der eindimensionalen magnetohydrodynamischen Simulation CYCLOPS berechnet
wurden. Die Kana¨le sind stabil, lediglich bei hohen Gasdichten ko¨nnen Instabilita¨ten entste-
hen. Das Wachstum der Instabilita¨ten wurde in Ammoniak gemessen und ist in guter qual-
itativer ¨Ubereinstimmung mit den Vorhersagen eines einfachen magnetohydrodynamischen
Modells. Die Transporteigenschaften des Kanals fu¨r Schwerionenstrahlen wurden untersucht
und sind in guter ¨Ubereinstimmung mit den Erwartungen. Die Transporteigenschaften zeigen,
dass die Stromdichte im Kanal homogen ist. Anhand der Meßergebnisse und mit Hilfe von the-
oretischen Abscha¨tzungen und Simulationen fu¨r den Fall hoher Strahlstro¨me konnten geeignete
Kanalparameter fu¨r das Reaktorszenario abgescha¨tzt werden.
Abstract
Concepts for heavy-ion fusion (HIF) reactors require the transport of kiloampere ion beams
over distances of several meters inside the reactor chamber. A possible solution for this task
is to use assisted pinched transport (APT) for the final transport of the beam. This scheme
uses an adiabatic plasma lens to focus the beam outside the chamber and a plasma channel
to transport it inside the reactor chamber towards the fusion target at the center. The plasma
channel has three functions: it neutralizes both the space charge and the current of the ion
beam and furthermore creates a large azimuthal magnetic field that prevents the beam ions
from leaving the channel. The appeal of the APT scheme is that it separates the focusing of
the beam from the final transport, thus relaxing the focusing requirements of the beam.
The purpose of this study is to demonstrate the creation of long, free-standing channels and
to study their magnetohydrodynamical stability and their transport properties for low-current
heavy-ion beams inside the channels. It is the result of a collaboration with Lawrence Berkeley
National Laboratory and thus contributes to the ARIES fusion reactor study. In combination
with the results of detailed transport simulations for high-current heavy-ion beams, which are
part of the ARIES study, the results of the experiments make it possible to map out a set of
suitable operating parameters for the channel transport of beams with reactor-like parameters,
for instance the required discharge current and plasma density.
Previous transport experiments at the Gesellschaft fu¨r Schwerionenforschung (GSI) used
a discharge chamber that was 50cm long and 60cm in diameter. To get closer to reactor
scales the chamber was extended by inserting a 50cm long chamber section, resulting in a
total length of 1m. Since the prolongation changed the geometry of the chamber and thus the
electric fields inside of it, it was necessary to optimize the fields by setting each section of the
chamber to a separate potential. The electric setup was optimized with the help of detailed
electrostatic calculations for the chamber.
The channels are created in a three-step process. After the channel initiation, which guides
the discharge along the chamber axis, a prepulse, that is a small discharge, heats the gas on
the axis, resulting in a rarefaction and thereby stabilizing the subsequent main discharge. Two
methods of channel initiation were used successfully. Laser-initiated channels were created in
ammonia and ion-beam initiated channels in various other gases, such as krypton and xenon.
The evolution of the channels is consistent with results from a one-dimensional MHD simula-
tion. The channels are stable for normal operating conditions. A detailed study of channels in
ammonia revealed that the channels become unstable for high gas densities, when the prepulse
can no longer be used. The instabilities show the characteristics of kink instabilities, and their
growth is consistent with the predictions of a simple analytical model.
Proof-of-principle experiments demonstrate the transport of low-current heavy-ion beams.
The transport properties of the channel were studied and found to be consistent with the as-
sumption of a homogeneous current density in the channel, leading to betatron oscillations. In
combination with the results of simulations for the transport of high-current beams and theo-
retical estimates about the growth of beam-plasma instabilities, the experimental results yield
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1. Introduction
The limited sources for fossil fuels and uranium and the necessity to curb the carbon-dioxide
emission in order to limit the greenhouse effect make it necessary to search for new ways to
generate electrical power. One possibility is to utilize nuclear fusion. The appeal of nuclear
fusion lies in the fact that the fuel supply can be considered unlimited for all practical purposes
and that it creates only small amounts of radioactive waste (mainly activated reactor walls and
tritium, which is relatively short-lived), in contrast to nuclear fission. In addition, it would cre-
ate less problems regarding nuclear proliferation than fission reactors. Unfortunately, fusion
conditions are very hard to reach. The basic mechanism of stars, in which the gravitational
pull of the fuel itself leads to ignition, is obviously not applicable to reactors.
There are two main concepts for fusion reactors, based on either magnetic or inertial con-
finement. In the case of magnetic confinement, a low-density, high-temperature plasma is
contained at fusion conditions by large magnetic fields, whereas in the case of inertial con-
finement a small capsule with fuel is compressed by laser or ion beams so as to reach ignition
conditions.
1.1. Heavy-ion fusion
In typical inertial fusion designs, the fuel, typically some milligrams of a mixture of deuterium
and tritium (DT), must be compressed to densities of 400g/cm3[Lin98]. To reach this high
density, the fuel is located in a thin shell of frozen DT, which encloses a low density gas
and is surrounded by an ablator, which absorbs the driver energy and compresses the fuel.
This fusion pellet can be heated either directly or indirectly. In the indirect approach, the
pellet is located in a high-Z enclosure, called a hohlraum, which is heated by the driver beams
and compresses the pellet with x-rays. While the direct drive is more efficient than the indirect
approach, it requires a very homogeneous irradiation, as otherwise strong instabilities develop,
which disrupt the pellet before it can ignite. An indirect approach relaxes these symmetry
requirements at the cost of a lower driver efficiency, since the conversion of the driver energy
to hohlraum radiation is lossy. All in all, the reduction of the instability growth rate outweighs
the efficiency loss. The hohlraum can be heated either by laser or heavy-ion beams. Heavy-ion
beams are especially suited drivers for this scheme, as they have short absorption lengths, so
that they do not penetrate into the hohlraum.
The target chamber, in which the target heating takes place, is exposed to the target debris
and, more importantly, the neutrons generated during the fusion reactions. For a reactor to be
economically feasible, the reactor chamber should be in use for at least ten years. To reach
such a long life-cycle, it is necessary to use suitable materials for the wall and to reduce the
neutron load. Various shielding concepts have been proposed for this purpose.
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Properties Neutralized Plasma Channels Self-Pinch
Ballistic Transport
Number of ion beams 60-200 2 100
Gas pressure (Torr) 0.001 1-10 0.001-0.1
Level of study simulations simulations and simulations
experiments
Advantages best studied simpler design and simpler design
better shielding
Table 1.1.: A comparison of the three final transport methods and reactor parameters for the
thick-liquid wall scenario (chamber radius 3m). The channel-transport mode can
also be used in dry-wall and wetted-wall shielding scenarios.
Three different chamber designs are currently under discussion[Ros04]: the dry wall con-
cept, in which the radiation load is reduced by simply increasing the chamber radius; the wet
wall concept, in which the walls are wetted with a liquid that absorbs a part of the neutrons; and
finally the thick-liquid wall scenario[Saw00], in which liquid jets shield the chamber walls.
The use of shielding liquids in the last two concepts makes it possible to use smaller chambers
than in the first scenario.
In the case of heavy-ion beam fusion, the shielding of the chamber and the beam transport
inside the chamber are strongly linked, since the difficulties in transporting the ion beams
naturally increase with the chamber radius. Moreover, concepts which work with a large
number of ion beams are much harder to implement in a thick-liquid wall chamber than in a
dry wall chamber, since the beams must not hit the liquid jets during transport. The required
beam currents are determined by the total energy that is necessary to ignite the target and the
energy per ion, which depends on its mass and velocity. Currently, most schemes suggest
particle energies of roughly 15MeV/u, since this keeps the accelerator costs within reasonable
limits and the stopping range of the ions is short enough for the absorbers mounted in the
hohlraum target. The duration of the beam pulse is usually limited to 10ns, so that particle
beam currents in the kiloampere range are required, depending on which ion species is used.
These high currents make the beam transport very challenging, because the beam has to travel
over a distance of several meters and must still hit a target area of 1cm2 and no magnets can
be used inside the target chamber, as they would be exposed to strong radiation which would
reduce their lifetime significantly.
The ARIES reactor study investigates three schemes for final transport[Ros04, Wel02]:
neutralized-ballistic transport, self-pinched transport, and plasma-channel transport, also called
assisted pinched transport. Table 1.1 gives an overview of the different schemes. Neutralized-
ballistic transport is the main line approach, whereas the other schemes are alternatives, which
would simplify the chamber and accelerator design. All of these schemes reduce the self-fields
of the beams, so that they can reach the target at the center.
In the case of neutralized-ballistic transport, the basic idea is to split the beams into a large
number of small beams and focus the beams individually with magnets placed outside the
chamber. Typical designs operate with more than 100 beams. In combination with a par-























Figure 1.1.: Scheme for a heavy-ion fusion reactor with channel transport and a simplified
sketch of a target proposed for this reactor concept. The actual target is more
complicated, as it uses symmetry shields to improve the irradiation of the pellet.
tial neutralization of the beam charge, which is reached by sending it through a low-density
plasma, this reduces the space charge and self-current sufficiently to transport them other sev-
eral meters to the center of the chamber[Wel01].
Self-pinched transport also works with roughly 100 beams, but uses a low-pressure back-
ground gas in the chamber. The high-current ion beam creates free electrons in the gas by
impact ionization. These free electrons provide neutralization for the space-charge effects
and the beam current. Simulations and experiments for protons indicate good beam trans-
port capabilities[Wel02, Ott00], yet experiments with high-current heavy-ion beams are still
missing and will not be possible in the near future.
1.2. Assisted Pinched Transport
In contrast to these methods, assisted pinched transport works with only two ion beams to
heat the fusion target. The ion beams are first focused by an adiabatic plasma lens and then
transported inside a plasma channel to the target at the center of the chamber. The plasma
of the discharge channels reduces the large self-fields of the beam, since it has many free
electrons which neutralize the space charge and the current of the beam. In addition, the
discharge also creates a large azimuthal magnetic field, which counteracts the spreading of the
beam[Ott80].
Figure 1.1 shows a schematic view of a heavy-ion fusion reactor with plasma channel
transport[Tau96b], and a sketch of a hybrid target with two beam absorbers[Cal02, Tab97,
Lin98, Atz04] which is proposed for this transport scheme. The beam focusing system con-
sists of three sections: a beam matching section, an adiabatic plasma lens, and the transport
channel. In the matching section, quadrupole magnets combine the beams from the accelera-
tors and focus them into the adiabatic plasma lens. The plasma lens reduces the beam diameter
to 1cm and guides the beam into the chamber. Inside the chamber, the plasma channel ensures
the transport of the ion beam to the target at the center.
As indicated in Figure 1.1, the channels have the form of a ‘cross’: the anodes are mounted
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on the beam axis, whereas the cathodes are mounted on the vertical axis. In the created
‘crossed’ discharge, the horizontal channels transport the beam, whereas the vertical ones
provide a path for the return current. To create this rather special shape, a short-pulse laser
ionizes the gas, thereby guiding the subsequent discharge.
1.3. Transport channel experiments
In order to check the feasibility of this scheme, experiments that research the transport capa-
bilities of the channel, its dynamics and its stability are necessary. In the first experiments,
the channels were initiated by wire discharges, but this mechanism cannot be used repeat-
edly, as required in a reactor. To get closer to reactor conditions, transport experiments with
laser-initiated channels were started in the 1980s.
The idea of channel transport originated from the Naval Research Laboratory and resulted
in a series of theoretical and experimental studies[Ott79, Col80, Ott80, Ott81b, Ott81a, Ott82,
Hub92, You93]. The studies resulted in experiments demonstrating the transport of a 1.2MeV
proton beam that was 2cm in diameter and had a current of 100kA in wall-stabilized discharge
channels.
Another transport experiment was located at the Sandia National Laboratories and used
1MeV protons [Ols81b, Ols81a, Ols82]. The channels were created in a glass tube, which
was 9cm in diameter, 50cm in length, and filled with 5 to 25mbar of ammonia. The channels,
6mm in diameter and with a maximum current of 45kA, reached a transport efficiency of over
50% for 1MeV protons.
In 1995 the Lawrence Berkeley National Laboratory (LBNL) started its plasma channel
experiment[Tau96b]. The experiment studied the channel dynamics, but did not include beam
transport measurements. The discharge chamber was a metal cuboid with the dimensions
41cm× 30cm× 28cm. The electrodes had an outer diameter of 15cm, an inner diameter of
13mm, and a length of 10cm and were insulated from the walls with Plexiglas. The chamber
gas was nitrogen, mixed with traces of benzene to yield a better absorption of the KrF laser
which was used to initiate the channel. The setup used a two-staged discharge, consisting of
a prepulse and a main discharge. The experiment succeeded in creating stable channels with
currents of up to 55kA[Tau96c].
Based on the results of this experiment and in close collaboration with the LBNL, the
Gesellschaft fu¨r Schwerionenforschung (GSI) started its channel transport experiment in 1998.
The experiment, which is the subject of this thesis, studies the transport of heavy-ion beams
in the plasma channels and the evolution and stability of the channels. The original setup
used a metal chamber with a diameter of 60cm and a length of 50cm (distance between the
electrodes). In 2003, this chamber was prolonged to 1m to get closer to reactor dimensions.
In addition to laser-initiated channels, ion-beam-initiated channels were successfully created.
The goal of this thesis is to demonstrate the creation of long, free-standing discharge chan-
nels and to study their stability and their transport properties for low-current heavy-ion beams.
In addition, simulation results and theoretical estimates are used to determine an operating
window for the assisted pinched transport mode, that is the range of parameters for which a
successful beam transport is possible. These parameters can be divided into two groups: the
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beam parameters and the channel parameters. The beam parameters, that is the ion species,
the kinetic energy, and the beam current, are largely determined by the design of the fusion
target. Starting from this set of parameters, it is now necessary to determine the operating
parameters for creating the channel, including the ambient gas pressure and the discharge cur-
rent. Naturally, due to the lack of high-current heavy-ion beams, the experiments in these
study are only proof-of-principle experiments which demonstrate the beam transport for low
current beams and must therefore be supplemented by theoretical simulations for beams with
reactor parameters.
This thesis consists of three major parts. Section 2 explains the theoretical background
necessary for understanding the channel dynamics and the ion beam transport and discusses
effects which might impede successful beam transport. These remarks are supplemented with
estimates for channel and beam parameters typical for our experimental setup and the reactor
scenario. Also mentioned are the results of recent simulations of the transport of high-current
heavy-ion beams in an assisted pinched transport scheme consisting of a 125cm long plasma
lens and a 325cm long plasma channel. The results of these simulations are used to deter-
mine a suitable set of operating parameters. Section 3 focuses on the experimental setup. The
components of the setup are discussed in detail, including an electrostatic calculation of the
electric field in the chamber prior to the discharge. The section concludes with an explanation
of the channel creation, illustrated with the results of a one-dimensional magnetohydrodynam-
ical simulation. Section 4 reports on the results of our measurements, which focused on beam
transport and channel instabilities. Finally, the results are summarized and their consequences
for the use of the assisted pinched transport mode in a fusion reactor are discussed.
2. Basic properties of channel transport
This chapter gives an overview of the processes involved in plasma channel beam transport.
Starting with a short summary of the basic plasma physics required in plasma channel trans-
port, the essential factors for the pinch dynamics and the pinch stability will be discussed.
After the discussion of betatron oscillations, which are typical of the transport of low-current
beams and some ray-tracing calculations for low-current beams, the effects of large self-fields
are treated. This includes the magnitude of the space-charge forces for a non-neutralized beam
and the discussion of charge and current neutralization. Furthermore, the interaction between
the beam and the channel is analyzed, including a short overview of possible beam-plasma in-
stabilities. The chapter concludes with a short overview over recent computer simulations of
assisted pinched transport of high-current beams, which are part of the ARIES reactor study,
and an estimate for suitable operating parameters for the APT mode.
2.1. Plasma
During the channel creation, a high-current discharge ionizes the gas, turning it into plasma.
Plasma, which is also called the fourth state of matter, is basically a collection of free electrons
and ions. In addition, neutral particles may form a part of the plasma. The modelling of
plasmas is a complex task, since short-range interactions between particles as well as collective
long-range interactions are involved. The short-range interactions are caused by collisions
of particles, the long-range electromagnetic forces by the moving ions and electrons. For a
complete description of the plasma, both effects must be taken into account.
An important scale in plasma physics is the Debye length. On scales smaller than the
Debye length, the plasma must be treated as a collection of individual particles. On larger





where i denotes different ion charge states and Zi is the charge state of an ion species. The
quasi-neutrality is caused by the enormous energy that charge separation on a macroscopic
scale requires. The Debye length can be derived by considering charged particles in a potential





For a Maxwellian particle ensemble
f (x,v) ∝ exp(−(mv2/2+qφ(x))/(kB ·T )) (2.3)
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the density is proportional to exp(−qφ/(kB ·T )), yielding the densities
ne = n0 · exp(eφ/Te); Zi ni = n0 · exp(−eZiφ/(kB ·Ti)) (2.4)
The spatial charge distribution is determined by the Poisson equation. Inserting the ansatz for
the densities into the equation yields
ε0 ∆φ = e(ne−Z ni) = en0 [exp(eφ/kB ·Te)− exp(−eZ φ/kB ·Ti)] (2.5)
This equation can be solved analytically, if the arguments of the exponential functions are











where we introduced the Debye length λD. The solution of this differential equation is pro-
portional to exp(−x/λD), so the Debye length is a shielding scale. Typically the contribution












This number also gives a lower limit for the scale on which the assumption of quasi-neutrality
holds, since a Debye sphere containing only a fraction of an electron does not provide for
efficient screening.
Another important plasma parameter is the plasma frequency. It is the characteristic fre-
quency for the the reaction of a plasma to an external perturbation and its inverse gives a
timescale for plasma waves and other collective plasma effects. It is also a lower limit for
the frequency of light that is able to pervade the plasma: if it is not well above this limit, the
light will be reflected at the plasma boundaries. The electron plasma frequency depends on






In most cases, the dynamical properties of the plasma are determined by the electron plasma
frequency and the ion plasma frequencies are of less importance.
The ionization degree of the plasma depends on the plasma temperature and the free electron
density. In general, one must solve a set of rate equations to get the fractions of the various
ion species. If a local thermodynamical equilibrium exists, matters simplify significantly. In
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ne = 1022 1/m3 ne = 1022 1/m3 ne = 1024 1/m3 ne = 1024 1/m3
Te = 2eV Te = 10eV Te = 2eV Te = 10eV
ωp (1/s) 5.6 ·1012 5.6 ·1012 5.6 ·1013 5.6 ·1013
tp (ns) 1.1 ·10−3 1.1 ·10−3 1.1 ·10−4 1.1 ·10−4
λD (nm) 105.1 235.1 10.5 23.5
ND 48.7 544.3 4.9 54.4
Zeff 1.05 2.0 0.905 1.89
lnΛ 6.03 8.45 3.88 5.56
νei (1/s) 6.2 ·1010 7.2 ·109 4.0 ·1012 5.1 ·1011
σSp (1/Ωm) 4.5 ·103 3.9 ·104 7.0 ·103 5.5 ·104
Table 2.1.: Plasma parameter range typical for our experiment (for measurements of the elec-
tron densities and temperatures see [Nef02, Nie02]). The effective charge state
and the subsequent quantities are calculated for ammonia.
this case the detailed knowledge of the rate coefficients for the involved processes (ionization
or recombination) is no longer necessary. The equilibrium condition is sufficient to derive the
Saha equations, which yield the density of the various charge states for a given temperature and
free-electron density. The detailed calculation is described in Appendix D. Figure 2.1 shows
the composition of an ammonia plasma with a fixed free-electron density of 1022 m−3. The
calculation assumes that the ammonia is already fully dissociated. This assumption is fairly
safe for temperatures in the electronvolt range, since the dissociation of ammonia starts at
2100K[Ger85]. The ammonia plasma is a mixture of hydrogen and nitrogen ions; the average
charge state of the plasma is therefore dependent on the average charge state of hydrogen and
nitrogen. For a free-electron density of 1022 m−3 significant ionization starts at a temperature
of roughly 1eV. At 1.5eV hydrogen is already fully ionized and nitrogen is singly ionized,
yielding an average charge state of 1. For higher temperatures, the charge state of the nitrogen
increases, reaching an average of 5 at 10eV. The total charge state is averaged over the
hydrogen and nitrogen charge states, resulting in an average of 2. Due to the large influence
of hydrogen, the average charge state of the ammonia plasma increases only slowly from 1eV
to 10eV.
The transport properties of the plasma channel depend on the total discharge current as well
as on the spatial profile of the current density in the channel. The spatial profile depends on the
conductivity and the time structure of the discharge current, which can lead to the development
of a skin current.
The plasma conductivity depends mainly on the temperature, while the density dependence
becomes important only for very low densities. The Spitzer model gives an estimate for the
















Z(N + 3 H)
ne = 1022 m-3
Figure 2.1.: Effective charge states for hydrogen, nitrogen, and the hydrogen-nitrogen mix-
ture. Calculated with the Saha equation (see also Appendix D). The plot shows
the temperature dependence for a fixed electron density of 1022m−3
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lnΛ = ln(bmax/b0) (2.12)
is determined by the impact parameters bmax (cut-off parameter, determined by Debye shield-
ing) and b0 (impact parameter for 90◦ scattering). A possible approximation is[Gol98]






Z is the effective charge state of the plasma; for a fully ionized plasma it is equal to the
nuclear charge. The conductivity is therefore proportional to T 3/2 and nearly independent of
the density, since the Coulomb logarithm depends only weakly on the plasma temperature and
density.
Table 2.1 lists the most important plasma parameters, calculated for an ammonia plasma in
a parameter range typical for our plasma channels. The electron densities and temperatures
in the channel were measured in previous experiments with the old, 50cm long discharge
chamber[Nef02, Nie02]. The calculations for these parameters yield conductivities in the
range of 5 ·103 1/Ωm and 5 ·104 1/Ωm in ammonia. This is in good agreement with older
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conductivity measurements at a plasma lens, which was operated at similar parameters, but
with other gases. These measurements yielded conductivities in the range of 15000/Ωm to
200000/Ωm[Tau93]. These conductivities are significantly lower than those of real conduc-
tors. The conductivity of copper, for instance, is roughly 6 ·107/Ωm (room temperature), and
thereby more than two orders of magnitude higher than in discharge plasmas.
2.2. The z-pinch
After this discussion of general plasma properties we can now focus on a specific configura-
tion, namely plasma channels, which are also known as z-pinches. All z-pinches are created
by discharges, but the methods used to initiate the discharge vary. One common method is to
create wire-initiated discharges. In this setup, the electrodes are connected by thin wires. Due
to their resistivity, these wires evaporate and create a highly conducting plasma, which guides
the discharge. While this method can create channels with currents of several MA , it is limited
to single-shot experiments and is therefore not suitable for the final transport in a reactor. In
contrast, our setup uses a carbon-dioxide laser to heat the gas along the desired discharge path,
creating a rarefaction channel that guides the following discharge. Alternatively, the gas can
be ionized with an ion beam prior to the discharge.
2.2.1. Equilibrium
The z-pinch is essentially a one-dimensional configuration, provided that end-effects near the
electrodes are insignificant and no instabilities occur. Due to the azimuthal symmetry of the
channel, its dynamics are best described in cylindrical coordinates (r (radius), θ (angle), z),
where the symmetry axis is identical to the z-axis. The current density is then given by
j = j(r) ·ez (2.14)
The magnetic field is therefore purely azimuthal
B = B(r) ·eθ (2.15)
The plasma mass density ρ and the plasma pressure p depend only on r and the fluid velocity
v is only radial. The magnetic force equation[Kip75, Gol98, Spa90]
ρ · dvdt =−∇p+ j×B (2.16)
therefore simplifies to
ρ · dvdt =−
∂ p
∂ r
− j ·B (2.17)
In equilibrium, the inertial term on the left-hand side vanishes and the pressure gradient bal-
ances the magnetic force:
∂ p
∂ r
=− j ·B (2.18)
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We will now derive the equilibrium configuration for a channel with a homogeneous current
density j(r) = j and channel radius R. In this case, the magnetic field created by a discharge
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(2.19)
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(2.20)
















inside the channel. So in this equilibrium, the current density inside the channel is constant,
the magnetic field is proportional to r, and the gas pressure is proportional to 1− (r/R)2.
2.2.2. Skin effect
Obviously the distribution of the current density inside the channel has a major influence on the
channel dynamics and its transport properties for an ion beam. If we consider only a constant
discharge current, the current density profile is determined by the conductivity profile. Yet
this does not apply to alternating currents. Even if the conductivity is homogeneous inside the
plasma column, the skin effect can still influence the current density profile. This effect is well-
known in normal conductors (for example copper cables). If we impress a high-frequency
voltage on the conductor, the self-inductance restricts the current to its surface. If we take
Maxwell’s equations[Jac98, Sch87] in the quasi-static approximation and assume an ohmic





Since our channel is (at least approximately) cylindrical, we use cylindrical coordinates with













If we furthermore assume that the field is periodic in time (that is, the applied voltage is
periodic in time)










Ez(r) = iωσµ0 Ez(r) (2.25)






Figure 2.2.: Fourier transform of f (x) = A · exp [−a · t] · sin(ω0 · t). Plotted are the real and
the imaginary part of the transform.
This differential equation has the mathematical form of the diffusion equation. The solution
is a Bessel function[Sim71]
Ez(r) =C ·J0
(√−iω µ0σ ·r) (2.26)
The boundary condition is Ez(R) = E0. This determines the constant
C = E0
J0 (








where p2 = −iω µ0σ . The discharge current is given by I(t) = I0 · exp(iω t). The electric






· exp(iω t)−→ jz(r, t) = I0 p2pi R
J0(pr)
J1(pR)
· exp(iω t) (2.28)
This expression can be approximated for the borderline cases of low frequencies (ω→ 0) and
high frequencies (ω→∞). For low frequencies the current density is homogeneous inside the
conductor
Jz(r, t)≈ I0pi R2 · exp(iω t) (low frequencies) (2.29)
whereas for high frequencies the current density reduces exponentially from the surface to the
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The discharge current in our experiment is approximately given by a damped sine, that is
I(t) =
{
A · exp [−a · t] · sin(ωo · t) for t ≥ 0
0 for t < 0
(2.31)






= 2.6 ·105 1/s (2.32)



















Both the real and imaginary part are sketched in Figure 2.2. Obviously, frequencies above 2ω0
have only little impact. Assuming a conductivity of 104/Ωm, the skin depth for this frequency
is 1.8cm. The current density in the channel is therefore homogeneous inside the channel,
which has diameters which are typically between 1-2cm.
2.2.3. Pinch dynamics
The dynamics of a z-pinch can be modelled with a one-dimensional magnetohydrodynamical
(MHD) simulation. In the following chapter, such a program is used to illustrate the different
stages of channel creation and dynamics. For now, we will restrict ourselves to a simpler
description, which is less realistic but shows the basic characteristics of pinch dynamics. The
model assumes that the current density is homogeneous throughout the whole discharge and












R4(τ) ·σ(τ) dτ (2.34)
where R is the mass-averaged radius, which for a homogeneous channel is related to the chan-




A derivation of this model is given in Appendix B. The first term is the j×B force, whereas
the second and third term are pressure terms, the third term taking ohmic heating into ac-
count. Figure 2.3 shows the evolution of the channel radius calculated from the model. All
calculations assume that the discharge current is given by
I(t) = Imax · sin [2pi t/Tdis] (2.36)
with a period length of 20µs. They assume a constant conductivity of 105 1/Ωm and an initial
temperature of 1000K. The calculations show the effect of the initial gas density and the
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10 ρ0, 40 kA
Figure 2.3.: Channel evolution calculated with the model. The calculation assumes a constant
conductivity of 105/Ωm. ρ0 = 0.00526kg/m3, corresponding to 1mbar xenon at
room temperature.
discharge current on the pinching. Since the model does not include radiation losses, the
expansion after the pinching is much too fast. In reality, the radiation losses are proportional
to T 4, thereby limiting the maximum temperature. In addition, the conductivity increases with
rising temperature, so that the heating of the channel reduces. In addition, the ambient gas
slows down the channel expansion.
2.2.4. Pinch instabilities
The suppression of channel instabilities is crucial for the feasibility of the transport concept.
To study the stability of the channel against instabilities, one has to start with a channel in
equilibrium. The slow widening of the channel in our experiment is therefore neglected. Gra-
dients in the current density and the pressure drive the development of instabilities. Depending
on the conductivity of the plasma, there are two kinds of instabilities: ideal instabilities and
resistive instabilities. Ideal instabilities develop if the electric resistivity is negligible. In this
case, the magnetic field lines are ‘frozen’ in the fluid and instabilities do not change the topol-
ogy of the magnetic field. In the resistive case, the topology of the field can change, since
tearing and reconnection of field lines is possible. Due to the high conductivity of the plasma
channel (see Table 2.1, resistive instabilities are less important than magnetohydrodynamical
instabilities and are therefore neglected.
To analyze the development of instabilities, we start from a pinch equilibrium
∇p0 = j0×B0 = 1µ0 (∇×B0)×B0 (2.37)
and study the evolution of small perturbations. The physical properties are described as the
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sum of the equilibrium value and the perturbation:
v = v0 +u = u (2.38)
B = B0 + ˜B (2.39)
p = p0 + p˜ (2.40)
ρ = ρ0 + ρ˜ (2.41)
Inserting this in the MHD force equations yields in linear approximation [Spa90]














and setting ˙ξ = u, we obtain a differential equation for the perturbation[Man73, Spa90]
ρ0 ¨ξ = ∇(ξ ·∇ p0+γ p0 ∇ ·ξ )+ 1µ0 [∇× [∇× (ξ ×B0)]]×B0+
1
µ0
(∇×B0)× [∇× (ξ ×B0)]
(2.44)
A Fourier analysis is used to study the dynamics of the instability. The common ansatz is
ξ ∝ exp [Γ · t + i(k z+mθ)] (2.45)
where Γ is the growth rate of the instability, k is the wave-vector, and θ the angle in cylin-
drical coordinates. The qualitative behavior of the instability is determined by the parameter
m, which is an integer number. For m = 0, the perturbation is cylindrically symmetric and
results in a variation of the channel diameter along the axis. This instability is called sausage
instability. For m = 1, the kink instability has the shape of a helix. Instabilities with larger
values of m are suppressed in typical conditions[Fre82].
Figure 2.4 illustrates the physical mechanism of both instabilities. If we assume a stable,
time-independent channel, the magnetic pressure, which is proportional to B2θ , and the gas
pressure compensate each other at the surface.
The sausage instability starts with a local reduction in the channel radius. This reduction in
the channel diameter leads to an increased current density and therefore an increased magnetic
field. If the current density is concentrated on the surface of the channel, there is no magnetic
pressure inside the channel. The magnetic pressure then ‘squeezes’ the gas out of the constric-
tion, along the channel axis. This leads to an ever decreasing radius and finally the disruption
of the channel. If, on the other hand, the current density is distributed homogeneously in-
side the channel, the instability is suppressed, since the increase in magnetic pressure is much
smaller than in the previous case. The sausage instability is therefore no danger in our setup.
Since the sausage instability is driven by pressure gradients, a sufficiently gradual pressure
profile stabilizes the channel against this instability[Fre82].
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Figure 2.4.: Schematics for the sausage instability (left picture) and the kink instability (right
picture). The pictures show the plasma channel and the magnetic field. The
movement of the plasma boundary is indicated with arrows.
The kink instability is far more dangerous in our experimental setup. This instability starts
with a small local displacement of the channel, as indicated in Figure 2.4. This leads to an
increase of magnetic pressure at the inner side of the bend and to a decrease at the outer bound-
ary, which amplifies the bend. In the worst case the kink instability leads to a ‘twisting’of the
channel, resulting in a helix-like structure. Several factors influence the growth rate of the
instability. First of all, the surroundings have a major influence. If the channel is surrounded
by a solid wall, like in wall-stabilized discharges, the wall blocks the movement of the chan-
nel, thereby preventing kink instabilities. Similarly, the instability develops much faster if the
pinch is surrounded by low pressure gas than in gas of a higher pressure, since the channel has
to ‘shift’ the ambient gas during its movement. The gas density inside the channel influences
the instability growth, since its inertia hinders the motion of the channel.
The growth rate of the kink instability can be calculated for an idealized setup[Man73]. The
calculation considers three regions: the core of the pinch, a corona of negligible width, and
the surrounding gas. For the sake of simplicity, the model assumes that all current flows in
the corona, and that the core has a homogeneous density ρp and infinite conductivity. The
density of the corona is ρc and the density of the surrounding gas is ρg. The temperatures are






for r ≥ rp
0 for r < rp
(2.46)
If the pinch is surrounded by vacuum, the growth rate of the instability is[Man73]
Γ = k vAp [− ln(0.5 ·k rp)− γE ] (2.47)
where γE ≈ 0.5772 is Euler’s constant and the Alfve´n velocity in the pinch is given by
vAp =
B0√µ0ρp (2.48)
If the pinch is surrounded by gas, the growth rate is altered. The rate depends on the parameter
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A, which is given by





[− ln(0.5k rp)− γE ] (2.49)
For AÀ 1, the growth rate is unaltered. If 1ÀAÀ ρp/ρg, the growth rate changes to[Man73]





k vAp [− ln(0.5k rp)− γE ] (2.50)






k vAp [− ln(0.5k rp)− γE ]1/2 (2.51)
In a typical discharge, the density is 10-fold reduced, so that ρp/ρg = 1/10. The ambient gas
temperature is Tg = 300K. Furthermore, we assume a plasma temperature of Tp = 30000K,
and a pinch radius of rp = 0.5cm. A look at the growth rate given in Equation 2.47 shows that
the sign of the rate Γ depends on the wavelength of the perturbation. For the set of parameters
given above, the growth rate becomes positive only for perturbation wavelengths longer than
2.8cm. Hence instabilities do not develop for shorter wavelengths.
For a quick estimate of the growth rate, let us assume that the channel carries a current of
50kA. The magnetic field B0 at the channel boundary is then 2Vs/m2. For a channel density
of 7 ·10−4 kg/m3 (equivalent to 1mbar ammonia), the Alfve´n velocity is 7 ·104 m/s. If we,
for the moment, consider a pinch in vacuum (Equation 2.47), the maximum growth rate is
reached for a wavelength of 7.6cm. The growth rate for this wavelength is 3 ·104/s, so that
an initial perturbation would increase by a factor of exp [Γ ·10µs] = 1.35 in the first 10µs.
In the next step, we take into account the stabilization by the gas blanket, so Equation 2.51
must be used to calculate the growth rate. Using identical channel parameters as above, the
maximum instability growth is then predicted for a wavelength of 4.6cm with a growth rate of
only 3370/s. After 10µs, an initial perturbation would be increased by a factor of only 1.03.
So in this scenario no instabilities occur due to the damping by the gas blanket.
According to the model, the channel should be stable for typical operating conditions. Un-
fortunately, these results are only a guideline for our setup, since the model makes two ap-
proximations which are not fulfilled in our experiment. The first point is that our channel is
not in equilibrium, but expands. Secondly, the model assumes that all current flows on the
surface, whereas in our case the current density is (roughly) homogeneous inside the channel.
Because of these differences, the results should be interpreted qualitatively as indicating the
stabilization by the gas blanket, but the calculated growth rates are not directly applicable to
our experiment.
2.3. Ion beam transport
Now that we have dealt with the basic processes that determine the dynamics of the z-pinch,
we focus our attention on the dynamics of the beam ions in these channels. Starting with the
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study of the low-current beams supplied by the UNILAC accelerator, we will move on to the
(theoretical) study of high-current beams.
2.3.1. Basic beam properties
First of all, we must specify the basic properties of ion beams. Basically, an ion beam is a
collection of co-moving ions. In an (hypothetical) ideal ion beam, all the ions have the same
velocity, that is, all velocity components perpendicular to the direction of motion vanish. If we
identify the direction of motion with the z axis, the velocity of all ions is given by v = β cez.
The phase-space volume occupied by such a beam would be zero. In reality, no such beam
exists. A real beam has a velocity spread in the direction of movement and in addition velocity
components perpendicular to it. There are many reasons for this velocity spread. To begin
with, the ion sources usually extract the ions from a plasma. Due to the temperature of the
plasma, the ions already have thermal velocities before their extraction. The extracting voltage
increases the velocity in the z-direction, but leaves the other velocity components unchanged.
The quality of the beam can be quantified by studying the six-dimensional phase-space vol-
ume occupied by the beam. If we can neglect the interaction between the particles we can
study the different parts ((x,vx), (y,vy), (z,vz)) separately. If the effect of collisions between
beam particles is negligible, Liouville’s theorem ensures the conservation of phase-space vol-
ume. Nevertheless, non-linear effects increase the effective phase-space volume. Therefore
another figure of merit is needed to describe the beam quality. If beam acceleration can be
neglected, the emittance is such a figure of merit (otherwise, a ‘normalized’ emittance can
be used). To determine the emittance we plot the beam in trace-space, that is (x,dx/dz).
The emittance is the area of the smallest ellipse containing the beam particles, divided by
pi[Hum90] and has the unit pi −mm−mrad. This definition is not suitable for beam mea-
surements, since real beams have no sharp boundary, and are often surrounded by a halo of








x′−〈x′〉)2〉−〈(x−〈x〉) · (x′−〈x′〉)〉2]1/2 (2.52)
The 〈〉 braces denote the ensemble average and x′ = dx/dz is the angle with the z axis. This
definition of the emittance refers to the covariance ellipse of the data set[Bra99]. The rms-
emittance can be increased by non-linearities in the focusing optics of the beam transport
system. A typical value for the emittance of a UNILAC beam is 5pi−mm−mrad.
2.3.2. Energy loss of the ion beam
The energy loss of the ions depends on the channel density, the charge state of the ions and
their velocity. While passing a gas, the ions lose energy due to collisions with gas atoms.
The kinetic energy lost by the ions is converted to an excitation of the target atom, whereas
the kinetic energy of the gas atom is negligible. If one neglects correction terms for highly
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Gas p (mbar) n (1/cm3) dE/dx (keV/mm) Range (m) I (eV) Ne
NH3 1 2.4 ·1016 8.98 251.7 13.6 6.6 ·105
Ne 1 2.4 ·1016 7.45 340.4 21.6 3.5 ·105
Ar 1 2.4 ·1016 11.75 208.2 15.8 7.5 ·105
Kr 1 2.4 ·1016 20.9 132.0 14.0 1.5 ·106
Xe 1 2.4 ·1016 28.6 96.2 12.1 2.4 ·106
Table 2.2.: Energy loss of a bismuth beam in various gases (calculations with SRIM[Zie85]).
The beam ions have a kinetic energy of 11.4MeV/u, resulting in a total ion energy
of 2.38GeV. I is the first ionization energy of the gas and Ne is the upper limit of
the number of electrons that can be freed by one ion per traversed meter.













where Zeff is the effective charge state, e the electron charge, me its mass, and β ·c the velocity




where n is the gas density and Z the atomic number of the gas. The characteristic absorption
properties of a gas enter in the mean excitation potential per electron, which can be calculated
from oscillator strengths and energies of the excitation modes[Ahl80].
The stopping power of a plasma differs from that of a cold gas, since the free electrons
change the effective charge state of the ions and the Coulomb logarithm. The differences in
the stopping power become most pronounced for low ion energies (1-2MeV/u), but are small
for high ion energies[Hof90, Nar82].
An accurate knowledge of the ion charge state is essential, since the stopping power scales
with the square of the effective charge state of the ions. For ions in a cold gas and also for ener-
getic ions in plasma, the effective charge state can be calculated with the Betz formula[Wit73,
Bet72]





The calculation of the stopping power requires an accurate knowledge of the average ion-
ization potential of the medium. The SRIM code[Zie85] combines theoretical models with
experimental data, resulting in very accurate stopping power calculations. The energy loss in
various gases over a distance of 1m was calculated at 1mbar, the results are summarized in
Table 2.2. The calculations were done for a bismuth beam with 11.4MeV/u, which was used
during a beamtime. The stopping power is approximately proportional to the target density, so
that the energy loss can be easily derived for other densities. Since the ion beam can also be
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used to initiate the discharge channel (see Section 3.3.3), an upper limit of the free electrons
created by one ion is also estimated. This upper limit is equal to the ratio of the energy loss
of the beam ion and the minimum ionization energy of the chamber gas. These calculations
indicate that the ion beam can be used efficiently to guide the discharge, as verified by the
discharge experiments.
2.3.3. Beam transport
The modelling of beam transport in a plasma channel is a complex task, since three different
interactions must be modelled simultaneously and self-consistently: the action of the channel
on the beam ions, the interaction between the beam ions, and the action of the beam ions on
the channel. Fortunately, matters simplify significantly for low current beams. In this case,
the interaction between the individual beam particles as well as the action of the beam on the
channel can be neglected, so that the beam transport can be calculated by considering single
ions moving in an external magnetic field. This treatment is well suited for the ion beams
created in the UNILAC, but of course not applicable to the high-current beams required for a
heavy-ion fusion reactor.
2.3.4. Betatron oscillations
The dynamics of low-current heavy-ion beams in the plasma channels follows betatron os-
cillations, which are derived in the following. We assume that the channel is cylindrically
symmetric and neglect end effects at the electrodes. In this case, the magnetic field of the
channel depends only on the distance to the symmetry axis. Cylindrical coordinates (r, θ , z)
are ideally suited for this problem. The magnetic field is given by
B = Bθ (r)eθ (2.56)
The position vector is given by
r = r ·er + z ·ez. (2.57)
Correspondingly, the velocity is
v =
d
dt r = r˙ ·er + r ·
˙θ ·eθ + z˙ ·ez (2.58)
and the acceleration is
r¨ = v˙ =
[
r¨− r ˙θ 2]er + [r ¨θ +2r˙ ˙θ] eθ + z¨ez. (2.59)
Inserting this in the equation of motion
m r¨ = q(r˙×B) (2.60)
yields three coupled differential equations
m · [r¨− r · ˙θ 2]=−z˙ qB(r)
r ¨θ +2r˙ ˙θ = 0
mz¨ = qB(r) r˙
(2.61)
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Figure 2.5.: The principle of channel transport: The discharge creates a large azimuthal mag-
netic field, which forces the beam particles to perform betatron oscillations.
This result can be further simplified with some basic assumptions. In general, the azimuthal
velocity ˙θ ·r is much smaller than the average beam velocity z˙. We can hence neglect it and set
θ constant, thereby eliminating the second differential equation. Furthermore, the relativistic
ion beam has a velocity of 0.15c and we can therefore neglect the change in the axial velocity
(z¨≈ 0). So the problem reduces to one differential equation for the radius, with z˙ = vz assumed
to be constant:
mr¨ =−vz qB(r) (2.62)
If we furthermore assume a spatially homogeneous current density inside the channel, the




2pi R2 ·r for r ≤ R
µ0 I
2pi · 1r for r > R
(2.63)
and the equation of motion inside the channel is
mr¨ =−qvz µ0 I2pi R2 r (2.64)
The solution of this differential equation is of the form r(t). Since we are interested in the
trajectory of the particle in the channel, we have to transform the differential equation. Sub-





r = 0 (2.65)
The solutions r(z) of this differential equation are cosine and sine betatron oscillations. The






The betatron motion is shown in figure 2.5. The magnetic field of the channel exerts a Lorentz
force on the particle which pulls it towards the channel axis and prevents it from leaving the
channel.
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2.3.5. Ray-tracing calculations
The analytical treatment described above gives useful insight in the transport principle, and
yields the betatron wavelength as the scaling length for the beam transport. Yet the particle
dynamics in non-uniform channels cannot be described with this analytical model. In addition,
the model does not take emittance effects into account. Provided that space-charge effects
are negligible, a more realistic calculation is possible with a simple computer program. For
the sake of simplicity, the calculation assumes that the current density depends only on the
distance from the axis, so that the magnetic field is purely azimuthal. The program starts by
generating a Gaussian particle ensemble of given beam width and emittance with a random-
number generator. In the next step, the particles that pass the initial pepperpot mask (see
for example Figure 2.6) are identified. Finally, the trajectory for each of these particles is
calculated for specified channel parameters, yielding the shape of the beam and phase-space
plots for arbitrary positions along the channel axis. The calculation takes the full Lorentz
force into account, avoiding the simplifications of Equation 2.61. It is important to note that
these calculations are not limited to homogeneous channels, but can be applied to arbitrary
current density profiles, provided they are radially symmetric. In the following, the transport
properties are calculated for two cases: the ideal transport in the channel, and the transport
in a channel that is smaller than the ion beam, leading to distortions of the ion beam during
transport. For each stage of the transport, both the shape of the beam (the ‘scintillator’ images)
and the corresponding phase-space plot are presented. Apart from statistical effects, the phase-
space projections for the y and the x component are identical, so only the latter are shown.
Matched channel
The results for an ion beam in a homogeneous channel are shown in Figures 2.6 and 2.7. The
channel has a total current of 50kA and a diameter of 2cm. The simulated beam consists of
gold ions (nuclear charge 79) with a mass of 197u and a kinetic energy of 11.4MeV/u. The
average charge state (estimated with the Betz formula) of this ions is 59.7. The analytic model
yields a betatron wavelength λbet of 79.4cm for this set of parameters.
The calculation starts with 50,000 particles of which roughly 2,400 pass the pepperpot
mask. The standard deviation for the beam positions is set to 5mm and the emittance to
5pimm-mrad. The beam shape directly after passing the pepperpot mask is depicted in Fig-
ure 2.6a. The phase-space plot (Figure 2.6d) shows that the beam velocities still follow a
Maxwellian distribution, since the velocities are distributed symmetrically around vx = 0. Fig-
ures 2.6b and 2.6e show the beam 1/8 betatron length after the pepperpot mask. The beam is
already slightly ‘compressed’ and converging towards the beam axis. The converging angle
is indicated by the negative tilt of the particle distribution in phase-space. After one quarter of
a betatron length, the beam has reached its first focal point, resulting in a drastically reduced
beam size and an upright particle distribution in phase-space (see Figures 2.6f and 2.6e). After
the first focal point the beam is inverted and diverging (Figures 2.7a and 2.7d). After half a
betatron length, the beam has reached its original size but is still inverted (see Figures 2.7b and
2.7e). Finally, after one betatron length, the beam has reached its original shape and velocity
distribution without any distortions (see Figures 2.7c and 2.7f). The simulations show that
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the transport in an ‘ideal’channel does not distort the ion beam and therefore preserves the
beam emittance. In reality, several effects can increase the beam emittance, for example colli-
sions of the beam particles with the plasma particles or non-linearities in the magnetic field of
the channel. Yet more sophisticated beam transport simulations[Ros04, Wel02] and first ex-
perimental measurements[Kno04] indicate the emittance increase is small (the measurements
indicate that the emittance increase is at most 50%).
Mismatched channel
The situation changes considerably if the channel is smaller in diameter than the ion beam
(henceforth these channels are called ‘mismatched channels’). This is a special case of the
usual ‘mismatching’ of a beam in accelerator physics, which refers to cases when the beam
emittance is larger than the acceptance of the accelerator segment, resulting in a loss of a part
of the beam. In our experiment, this situation can arise at the beginning of the discharge.
Depending on the discharge conditions, the channel diameter can be smaller than 1cm at this
early stage. To study the consequences of this mismatch, the beam transport was calculated
for the same set of parameters as before, with the exception of the channel diameter, which
was set to half the beam diameter, that is 0.6cm. The beam particles can now be divided into
two sets: particles starting outside the channel (‘outer particles’), and particles starting inside
the channel (‘inner particles’). The dynamics of the inner particles is described by betatron
oscillations, but the smaller channel diameter results in a reduced betatron wavelength (24cm).
The outer particles also oscillate around the axis, but these oscillations are no longer described
by cosine functions, since the magnetic field outside the channel is proportional to 1/r.
The results of the calculations are shown in Figure 2.8 and 2.9. Naturally, the initial beam
configuration is identical to the previous calculation (see Figure 2.8a and 2.8d). In the follow-
ing, the betatron phases refer to the inner particles. After 1/8 betatron wavelength, deviations
from the ideal transport are already visible (Figures 2.8b and 2.8e). While the inner particles
are partly focused, the outer particles converge more slowly, resulting in a lower transversal
velocity. When the inner particles reach the first focus, the outer particles are still trailing be-
hind (Figures 2.8c and 2.8f), so that no focus is reached. The beam reaches its minimum size
after the first focus. After 3/8 betatron lengths (Figures 2.9a and 2.9d), the beam is inverted
and the image is slightly distorted. While most of the particles are diverging, some of the outer
particles are still converging. After half a betatron length (Figures 2.9b and 2.9e), the inner
particles are inverted and move parallel to the axis, while the outer particles are still diverging,
resulting in a reduced size of the cross. After one betatron wavelength (Figures 2.9c and 2.9f),
the ion beam has returned to its original size, but some of the outer particles are converging
while some others are still diverging, resulting in a distorted beam. The non-linearity of the
channel has also left its ‘footprint’ in the phase-space diagram, where a spiralling of the dis-
tribution is clearly visible. These calculations demonstrate that it is necessary to match the
channel radius to the beam size, as a too small channel leads to a significant increase of the
beam emittance.
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2.3.6. High-current beams
Up to now the effects of space charge have been neglected in our considerations. This approx-
imation is justified for the UNILAC beams used in our experiments (see e.g. Table 2.3), since
the beam currents are low and the focusing by the external magnetic field is much more impor-
tant than the interaction between the beam particles. For the huge beam current required for
a fusion reactor, however, the self-forces of the beam become very large, so that this approx-
imation is no longer possible. The detailed modelling of high-current beams is challenging,
since we can no longer calculate the trajectory of each particle separately, but must also take
into account the field caused by the other particles. A realistic simulation requires a detailed
simulation of the beam particles and the plasma channel (see [Wel02]). In the following, the
magnitude of the beam effects is estimated with some simple models.
We start by analyzing a high-current beam without neutralization. Assuming a cylindrical
beam with homogeneous current density, the maximum possible beam current is given by the
Alfve´n current[Hum90]
IA = 4pi ε0 mB c3β γ/Q (2.67)
where mB is the mass of the beam particle and Q its charge. For a beam with β = 0.15,




·1.5 ·106 A (2.68)
so, in contrast to electron beams, this limit is usually not important for high-current ion beams.
The transverse expansion of the beam is much more important. The magnitude of the space-
charge force can be estimated with a simple analytical model. In the following, we shall
neglect end effects, that is we assume that the beam is infinitely long. This assumption is valid
if the ratio of bunch length over bunch diameter is large. Typical reactor scenarios with assisted
pinched transport work with beam velocities of roughly β = 0.2 and bunch lengths of 5ns to
10ns[Ros04], corresponding to a bunch length of 30cm to 60cm, so that the assumption made
above is valid. Furthermore we assume cylindrical symmetry and a uniform particle density
inside the beam bunch. The beam-generated fields then vary linearly with the radius. Because
of our symmetry assumptions, the partial derivatives ∂/∂ z and ∂/∂θ vanish.
The charge density ρq is derived from the particle density n0 and the average ion charge Q
by ρq = n0 Q, so that the current density is given by
j = ρq v = ρqβ cez (2.69)
Because of symmetry, the electric field has only a radial component (E(r) = E(r)er). It





ρq/ε0 d ˜V (2.70)
where the area of the cylindrical shell is given by df = 2pi r dzer and the volume is given by
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Ion Mass (u) Energy (GeV) β I (A) Bunch length (ns) Energy (J)
Bi25+ 209 2.4 0.15 1.0 ·10−3 100,000 9.6
Pb72+ 207 3.0 0.17 0.9 ·106 25 0.9 ·106
Pb72+ 207 4.0 0.20 4.8 ·106 8 2.1 ·106
Table 2.3.: The parameters of a UNILAC beam used in our experiments and two possible
driver beams for a fusion reactor. The two lead beams are the foot and the main
pulse used to heat the hybrid target in the reactor scenario[Ros04, Wel03].
The electrostatic force leads to an expansion of the beam. The magnetic field created by the










µ0 j r (2.73)
The relative influence of the space-charge force (Fspace) and the beam-current force (Fbeam)







ε0 µ0 jβ c
ρq
= β 2 . (2.74)
Although this result was derived for a homogeneous beam density, it holds for arbitrary radial
density profiles, since the magnetic field and the electric field are connected by the Lorentz
transformation[Hum90]. In consequence, it is much easier to transport relativistic electron
beams (β close to unity) than ion beams, since in the first case the magnetic force compensates
most of the space-charge force, while in the latter case its influence is negligible.
The space-charge field in the beam (r ≤ R0) is given by
E(r) =
Ibeam
2pi R20 ·ε0β ·c
·r (2.75)
and therefore proportional to the beam current Ibeam. The maximum electric field, which is
reached at the boundary of the beam, is inversely proportional to the beam radius R0. As
an example, take a 50kA beam with a radius of 0.5cm and a velocity of 0.15c. Without
neutralization, this results in an electric field of more than 28000V/m.
The influence of the space charge compared to emittance effects can be determined by
considering the differential equation for the beam envelope[Hum90] for the simplest case in











with K = e · I0
2pi ε0 m0 (β γ c)3
(2.76)
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In this equation, R is the radius of the beam envelope, ε is the beam emittance, I0 is the
net beam current, and m0 is the mass of the beam ions. For a 50kA bismuth beam with a
velocity of 0.2c and a mass number of 209, the generalized perveance K is equal to 1.8 ·10−3.
A comparison with the emittance force shows that the effect of the space charge is much
larger than the emittance force, since the channel has a diameter of 5mm and the emittance is
typically of the order of some mm-mrad. This estimate shows that it is absolutely necessary to
neutralize the space charge and the current of the high-current beams to keep the divergence
of the beam within reasonable limits.
2.3.7. Neutralization of space charge and beam current
It is possible to prevent the rapid spreading of the ion beam by neutralizing its space charge
with free electrons. The z-pinch plasma is ideally suited to provide the required electrons
[Ham70]. The free electrons neutralize the space charge of the beam nearly completely, since
this reduces the potential energy of the beam-plasma system drastically. The electron density
in the case of complete charge neutralization is given by
ne = Zb ·nb +Zi ·ni (2.77)
where Zb is the charge state of the beam ions, nb is the ion beam density, and Zi and ni are the
charge state and the density of the plasma ions.
The beam-induced movement of the plasma electrons also leads to an additional return
current which, depending on the plasma density, partly or completely neutralizes the ion beam
current. If the beam current is only partially neutralized, the beam pinches. This is equivalent
to the case of two current-carrying wires that also attract each other, since they are charge
neutralized, but not current neutralized.
A detailed analysis of the dynamics of the beam-plasma system is complicated and requires
the use of a particle-in-cell (PIC) simulation code, but it is possible to estimate the beam
neutralization and the interaction between the beam and the plasma with analytical models.
The current neutralization can be calculated for the idealized case of a long, cylindrically
symmetrical beam[Kag01]. In the following, the dynamics of the background and beam ions is
neglected, that is the background ions are fixed and the beam ions move with the constant ve-
locity vbz. Furthermore, ionization effects are neglected and the plasma electrons are assumed
to be cold, so that no thermal effects take place. Using these approximations, the electron flow











me0 · vez√1− v2ez/c2
))]
= µ0 ·e2(Zb ·nb ·vbz︸ ︷︷ ︸
beam current
− ne ·vez︸ ︷︷ ︸
return current
) (2.78)
Here me0 is the electron rest mass, vez is the flow velocity of the neutralizing electrons, Zb
is the charge state of the beam ions, nb their particle density, and ne is the electron density.
Equation 2.78 shows that the current neutralization is best at the center of the beam, as the
gradients vanish there. Near the border of the beam, the gradients in the electron velocity and
the beam density become large, resulting in an imperfect neutralization of the beam current.
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The overall efficiency of current neutralization depends on the ratio of the beam radius rb to
the skin depth c/ωp, where ωp is the plasma frequency of the ambient plasma. The beam
current is well neutralized if[Kag01]
rb À cωp (2.79)
Since the plasma frequencies in the channel are well above 1012 1/s (see Table 2.1) and the
beam diameter in fusion reactor schemes is typically of the order of 1cm, this criterion is al-
ways fulfilled. In the case of good current neutralization, the background electrons are slowly
co-streaming within the beam and thereby reduce the current density to zero. The flow velocity
of the electrons follows from Equation 2.78 and is[Ham70, Kag01]
vez = Zb vbz nb/ne (2.80)
The kinetic energy that must be transferred from the beam to the co-streaming electrons is
proportional to ne ·v2ez. Therefore the required energy decreases with increasing electron den-
sity, so that a good current neutralization is much easier with a high electron density than with
a low density.
To calculate the net current within the channel in the case of imperfect neutralization, we
assume that the ion beam density is given by a step-function profile
nb(r) =
{
nb0 for r ≤ rb
0 for r > rb
(2.81)
For such a homogeneous beam, its density nb is related to the electric current Ib by the relation
nb0 =
Ib
βb cZb epi r2b
(2.82)
Therefore a beam with a current of 1kA and a diameter of 0.5cm corresponds to a maximum
beam density of 1.3 ·1018 1/m3 (less for charge states higher than 1). The total net current in













where βb is the relativistic beam velocity. If the ambient plasma density is much larger than
the beam density, the electron density is nearly independent from the beam density (see Equa-




= 1− 4.25 ·ωp ·1kA
ne ·e ·c2 ·pi ·rb (2.84)
as long as the plasma density is sufficiently larger than the beam density, so that good charge
neutralization is guaranteed. Assuming a beam radius of 0.5cm, the relative neutralization
for ne = 1020 m−3, ne = 1022 m−3, and ne = 1024 m−3 is therefore 89.5%, 99.0%, and 99.9%,
respectively. For a smooth radial beam profile the current neutralization is even better, so that
for typical plasma channel parameters the ion beam current is nearly completely neutralized.
The results from the analytical model are consistent with that of PIC simulations[Kag01].
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2.3.8. Hydrodynamic response of the channel to the ion beam
So far, the channel was assumed to be static during the beam transport. As far as the normal
magnetohydrodynamical motion of the channel is concerned, this assumption is valid, since
the duration of the beam pulse is typically between 10ns and 25ns, which is well below the
hydrodynamical timescale, which is of the order of a microsecond. Yet the ion beam also
interacts with the plasma channel and leads to its expansion, which might worsen its transport
capabilities.
The influence of the effect of the beam on the plasma channel dynamics is checked with a
simple analytical model. Because of the good current neutralization in the interior of the beam,






at the channel boundary. The discharge current Ich is typically of the order of 50kA. The net
current density in the channel is given by[Ott81a, Col80]
jnet = jch− jbeam (2.86)
since the beam current induces a counterstreaming return current in the plasma. For a step-
function beam profile with beam radius r0, the three current densities are therefore given by
jch = Ichpi r20
, jbeam = Ibeampi r20
, and jnet = Ich− Ibeampi r20
(2.87)
Starting point is the MHD force equation
ρ · dvdt =−∇p+ j×B≈ j×B (2.88)
where ρ is the mass density of the channel. The kinetic term due to pressure gradients can
be neglected, since the dynamics is dominated by the magnetic forces. Assuming cylindrical







As the net current is negative for large beam currents, this leads to an expansion of the channel.
An upper limit for the radial expansion is
∆r ≤ 1
2











for a channel with an initial radius r0 of 5mm. This sets a lower limit for the channel mass
density for a given set of beam parameters in order to guarantee a successful beam transport
to the hohlraum target. The beam parameters for both the foot pulse and the main pulse are
given in Table 2.3. If we take a channel mass density of 5.3 ·10−3 kg/m3, corresponding to
1mbar xenon at room temperature, the estimate gives an upper limit for the channel expansion
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of 1.4mm for the foot pulse (0.9MA, 25ns) and 0.8mm for the main beam pulse (4.8MA,
8ns). This is sufficiently low to ensure beam transport, yet it indicates that the use of a light
channel gas like helium is problematic due to the faster expansion of the channel.
2.3.9. Beam-plasma instabilities
The beam-plasma system has a highly anisotropic axial velocity distribution and therefore
may be susceptible to various kinetic instabilities. Depending on their direction of propaga-
tion (which is given by the wave vector k), these instabilities can be divided into longitudinal
and transverse instabilities. To illustrate the initial situation, the undisturbed velocity distribu-
tion during beam passage is sketched in Figure 2.10. The system consists of three particle sets
with different temperatures and different flow velocities. The beam ions have the largest ve-
locity (vb), typically about 0.2c, and a low axial velocity spread, corresponding to a low beam
temperature. In contrast, the plasma ions are, on average, at rest, but have a temperature of
several electron-volts. Due to heating by the ion beam, the plasma electrons are slightly hotter
than the plasma ions. In addition, they are also co-moving with the beam ions to neutralize the
beam current. Yet their flow velocity is much smaller than that of the beam ions, since their
density is much larger (see Section 2.3.7 for details about beam neutralization).
One instability that might affect the beam transport is two-stream instability[Hum90] in-
volving the beam ions and the plasma electrons. For effective excitation, the frequency of
the mode must be close to the plasma frequency of the electrons (ω ≈ ωp). Particles with
velocity vi excite modes with wavenumbers ki ≈ ωp/vi. The growth rate is strongest if the
velocity spread of the beam, and thus its temperature, is negligible. A finite beam temperature
therefore reduces the growth rates, since different modes are excited and only a part of the
beam particles takes part in the excitation of each mode. Collisional processes further impede
the growth of these modes. Analytical studies for the transport of light-ion beams in plasma
channels[Ott81a, Ott79] found that the system is stable for typical channel and beam parame-
ters. For a heavy-ion driver, the beam velocities are similar to those in the case of a light-ion
driver, yet the beam current is significantly reduced. The system therefore should be stable as
well.
Another possible two-stream instability may arise between the plasma electrons and the
plasma ions. Yet the electron flow velocity is much smaller than that of the beam ions, and
the temperature of the plasma ions is much larger than that of the beam, so instability is even
more unlikely than for the previous mode. The drifting electrons could also excite an ion-
acoustic mode in the plasma. Yet a sufficient growth rate requires the electron temperature to
be much larger than the ion temperature. Because of this condition, ion-acoustic turbulence is
not expected in this system[Ott81a].
Apart from these electrostatic modes, electromagnetic modes might impede beam trans-
port. Two modes have been studied: the Weibel instability[Wei59] (radial current bunching,
k = k er) and the whistler mode (azimuthal current bunching, k = k eθ ). Analysis of these
modes[Ott81a, Ott81b] shows that the Weibel instability does not grow significantly during
the passage of the beam. The growth of the whistler instability can be reduced to tolerable
levels by a small spread in the angular momentum of the beam ions.
In conclusion, stability analysis suggests that the system is sufficiently stable and that the








Figure 2.10.: Particle distribution in the beam-plasma system (schematic). Illustrated is the
situation for the beam current being larger than the discharge current, so that the
plasma electrons are co-moving with the beam ions.
development of microinstabilities is suppressed. The z-pinch should therefore be capable of
transporting high-current beams with parameters required for a fusion driver.
2.3.10. Particle-in-cell simulations of the beam-plasma system
In order to study the properties of assisted pinched transport for high-current beams, detailed
numerical simulations were carried out by Mission Research Inc. as part of the ARIES reactor
study[Ros04, Wel03]. In the following, the basic assumptions used in the modelling and the
main results are summarized shortly.
The calculations simulate both the focusing of the ion beams by the adiabatic plasma lens
and the transport inside the plasma channel towards the target. As the focus of the simulations
is on the beam transport, the channel formation is not covered by these simulations. The
simulations utilize the hybrid code IPROP, which models the beam with a PIC code and the
plasma with a two-fluid model, using separate temperatures for the plasma electrons and ions.
The simulations are two-dimensional, so cylindrical symmetry is assumed.
Various approximations simplify the modelling. While the charge state of the plasma ions
can change due to impact ionization by the ion beam, the charge state of the beam ions is fixed.
Furthermore it is assumed that the electron temperature is high and that the ion ionization is
dominant, so that recombination processes and electron avalanches can be neglected. Finally,
radiation by free or bound electrons is also neglected.
Figure 2.11 shows the result of a simulation run. The boundary of the plasma lens and the
channel is indicated by a red line. The plasma lens is 125cm in length, starts with a radius
of 2cm and leads into the plasma channel, which has a radius of 0.5cm. The length of the
channel is 325cm.
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Figure 2.11.: Combined MHD and particle-in-cell simulation for a high-current heavy-ion
beam in a final transport system consisting of an adiabatic plasma lens and
a plasma channel (the boundary is indicated). Simulation by D. V. Rose and
D. R. Welch, Mission Research Corp.[Wel03]
Simulated were driver beams for a hybrid target with a 1cm absorber[Cal02]. The driver
consists of two subsequent pulses, a long low-energy foot pulse which preheats the target
absorbers, and a short high-energy main pulse supplying most of the energy. The parameters
for lead driver beams are listed in Table 2.3. The chamber was filled with xenon, which had
an ambient pressure of 5Torr. Inside the channel, the density was reduced to the equivalent
of 0.5Torr at room temperature. The initial plasma temperature was 3eV. The transport
efficiency was studied for discharge currents varying between 25kA and 75kA. At 50kA,
87% of the beam energy reached the target, 4% being inductive losses, 6% due to collisions
with the plasma, and the rest due to the loss of particles. As is visible in Figure 2.11, some
of the particles leave the channel and thereby miss the target. Increasing the discharge current
to 75kA increased the transport efficiency only insignificantly, whereas reducing it to 25kA
reduced the efficiency to 80%. To study the influence of the ion species on the beam transport,
the transport was also modelled for Xe44+ beams with identical duration and total energy. This
change did not result in a significant change of transport efficiency. In summary, the studies
showed good beam transport properties for moderate discharge currents of 50kA and beams
with currents required to ignite a hybrid target.
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2.4. Operating parameters for assisted pinched transport
Based on these results, it is possible to outline an operating regime for assisted pinched trans-
port. The beam parameters and the channel radius are determined from the properties of the
hybrid target[Cel03, Cal02]. To ignite the target, a total energy of 6MJ is deposited by the
driver beams. The current scenario uses Pb+72 ions to heat the target. The target absorbers
are preheated with two 25ns long pulses with energies of 0.9MJ and then the target is ignited
by two 8ns long pulses with energies of 2.1MJ (for details see Table 2.3). The channel di-
ameter is adjusted to the 1cm absorbers to guarantee an optimal heating. Its length depends
on the chamber radius, which in turn depends on the shielding concept. For thick-liquid wall
shielding, typical chamber radii are of the order of 3m.
The necessary discharge current depends on the magnetic field that is necessary to transport
the beam. Fifty kiloampere seems to be the optimum current for the transport of the driver
beam. The simulations indicate that the transport efficiency drops by 7% if the current is
reduced to 25kA. Increasing the current to 75kA does not effect the transport efficiency
significantly, but does increase the expansion due to the j×B force and might increase the
likelihood of MHD instabilities.
To minimize energy losses, the density in the channel should be as low as possible. In order
to minimize the j×B expansion, xenon is used as a chamber gas. The simulations assume an
ambient density corresponding to 5Torr, which is reduced to the equivalent of 0.5Torr inside
the channel. The experiments so far produced channels in xenon for pressures about 1mbar,
but a more efficient channel initiation using a short-pulse laser should make it possible to
generate channels at higher pressures. Furthermore, the geometry of the reactor chamber is
more feasible than that used in our experiment, which is basically a metal tube. The density
in the channel must not be too low, since otherwise the channel expansion by the j×B force
gets to large. For very low densities, the charge and current neutralization would no longer
be guaranteed. If, on the other hand, the density gets too high, the energy losses of the beam
due to collisions increase and thereby reduce the transport efficiency. Theoretical analysis
suggests that for this set of parameters no major beam induced instabilities develop during the
passage of the beam. To validate this would require high-current heavy-ion beams that are not
available in the near future.
3. The experimental setup
The channel-transport experiment is located at the Gesellschaft fu¨r Schwerionenforschung.
Its goal is to study the dynamics of plasma channels and their transport properties for low-
current ion beams. In conjunction with the simulations for high-current beams this yields the
operating window for channel transport, that is the parameter range in which beam transport
is feasible.
Figure 3.1 shows the experimental setup. The gas-filled discharge chamber is connected to
the accelerator by a differential pumping section. This section uses several small apertures in
combination with two roots pumps and two turbomolecular pumps to reduce the gas pressure
from some millibars inside the chamber down to the 10-6 mbar required in the accelerator.
A pepperpot mask is mounted about 20cm before the chamber entrance. It is basically a
molybdenum plate with several holes (with diameters between 1mm and 3mm) and gives the
ion beam a definite shape. In addition, it serves as a mirror to reflect the laser beam into the
chamber. The chamber is 60cm in diameter, 1.06m long, and made of stainless steel. Its wall
consists of three parts, which are separated from each other by two nylon flanges, so that they
are electrically insulated from each other. A voltage divider is used to set each part of the
chamber to a separate potential. The chamber has eight portholes. With the exception of one
porthole, which is used as an gas inlet for the chamber, all portholes can be used to employ
various diagnostics, like cameras, interferometry, spectroscopy, or to insert probes to study the
magnetic field[Nef04, Nie03b, Nie02, Pen02c]. Apart from the portholes, the whole chamber
is rotationally symmetric. The two electrodes are mounted at the two ends of the chamber
and are separated from the walls by Plexiglas insulators, which prevent an electric breakdown
from the electrodes to the walls. The electrodes are hollow, so that the ion beam and the laser
can enter the chamber through the anode.
3.1. Electrical setup
Two pulse generators, the schematic circuits of which are shown in Figures 3.2 and 3.3, create
the discharge channel. Their functional principle is simple. In a first step, the capacitor in
the generator is charged with a power supply. A high-impedance resistor limits the charging
current to protect the equipment. A connection with a 4kΩ resistor ensures that both chamber
electrodes are set to ground potential during the charging. When the capacitor is fully charged,
the generator is ready. A signal pulse triggers a high-current switch. This closes the circuit,
so that the capacitor voltage is applied to the chamber electrodes. A voltage divider with four
high-impedance resistors is put in parallel, and sets the potentials for the three chamber walls.
The breakdown in the chamber gas creates a channel with a very high conductivity, so that
most of the discharge current flows through the chamber. A shunt, that is a low-impedance














−U/4 −U/2 −3/4 U
Figure 3.1.: A schematic view of the experiment and a cross-section through the discharge
chamber. The chamber has a length of 1m and a diameter of 60cm; it consists of
three parts, each set to a different potential by a voltage divider.
resistor, is connected in series. The shunt is used to measure the discharge current, as the
voltage at the shunt is proportional to the current. Two safety measures are implemented to
avoid accidents. If the charging voltage is turned off, the capacitors slowly discharge over
high-impedance resistors. In addition, the generator for the main pulse is also connected to an
interlock system. If the generator casing is opened or the interlock is otherwise enabled, the
capacitor bank is short-circuited using a low-impedance resistor, so that a fast discharging of
the bank is guaranteed.
Because of their different purposes, the technical data of the two generators vary signifi-
cantly. The prepulse generator uses a single capacitor with a capacity of 200nF that can be
charged to voltages of up to 30kV, equaling a stored energy of 60J. An additional 5Ω resistor
damps the current, so that the duration of the prepulse is limited to 1µs.
The generator for the main pulse uses a capacitor bank, consisting of six capacitors. It has
a total capacity of 8µF and can be charged to voltages of 25kV, so that it can store an energy
of 2.5kJ.
During the discharge, the whole setup can be represented by a RLC circuit with the resis-
tivity, inductivity, and capacity connected in series. The resistance and the inductance of the
circuit depend on the plasma channel parameters, which change during the discharge. The
differential equation for this circuit is
Q
C
+L · dIdt +R · I = 0 (3.1)








C ·L = 0 (3.2)
The solution to this equation is
Q(t) = Q0 · exp(−α t) (3.3)

























































Figure 3.2.: Electrical setup of the prepulse generator.










Depending on the argument of the square-root, three different cases must be distinguished. If
the argument of the square-root is zero, the time development of the capacitor charge is given
by







If the argument of the square-root is negative, the result is given by a damped oscillation















Finally, if the argument of the square-root is positive, the result is again an exponential decay,
but with a modified damping rate
















The actual discharge curve differs from this solution, since the channel resistivity and in-
ductivity are not fixed, but vary during the evolution of the channel. While the resistivity of
the channel is dominant in the initial stages of the channel formation, it becomes negligible
once a channel is established. The measured current profiles therefore match the oscillatory
solution very well, with the exception of the start of the discharge.



























































Figure 3.3.: Electrical setup of the main generator. The generator is also connected to an
interlock system (not shown in this schematic).
The resistance and the inductance of the channel are essential for the dynamics of the dis-
charge. The derivation of the channel is straightforward, provided the plasma conductivity σ







Typical plasma conductivities in our setup are of the order of 105 Ωm. For a 1m long channel
with a radius of 1cm, this results in a resistivity of 0.1Ω. Another important characteristic





B ·HdV = 1
2
L · I2 (3.10)
where Wm denotes the energy of the magnetic field, which is calculated by integrating over the




·r for r ≤ Rch
µ0 I
2pi r for r > Rch
(3.11)





The inductance, like the resistance, is proportional to the length of the channel. The outer
integration limit RA denotes the radius where the magnetic field vanishes. Since the return
current is not transported in a coaxial configuration, but by two conducting copper bands, the
results is only approximately valid. Nevertheless, the calculation is sufficient to get a rough
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estimate of the inductance. If we take the outer radius RA as 45cm, the channel radius as 1cm,
we obtain an inductance of 814nH for a 1m long chamber. For comparison, the inductance of
the generator and the cables is approximately 400nH[Pen02c].
A quick estimate shows that the capacity of the discharge chamber is negligible. For the sake
of simplicity, the chamber is treated as a coaxial cable, the channel being the inner conductor
(radius R1) and the chamber walls being the outer conductor (radius R2). The radial electric





where L is the chamber length. Integration of the energy density E2/2 over the volume yields
the total field energy inside the chamber. Since the electrostatic field energy is also given by
Q2/(2C), the capacitance is given by
C = 2ε pi Lε0
ln(R2/R1)
(3.14)
Inserting the parameters of our chamber results in a capacitance of 5.2 ·10−12 F, which is
more than five orders of magnitude smaller than the capacitance of the pulse generators and
can therefore be neglected.
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3.2. Chamber optimization
In order to successfully create plasma channels, it is necessary to guide the discharge in the
chamber. It is clear from Ohm’s law and Paschen’s law that three factors determine the dis-
charge path inside the chamber: the gas density, the conductivity of the gas prior to the dis-
charge, and the electric field inside the chamber. A detailed modelling of the discharge would
be necessary to determine under which conditions a breakdown to the walls can be avoided,
but it is clear from these basic considerations that a density reduction along the axis (thereby
getting closer to the Paschen minimum), an ionization along the axis, and an optimization of
the electric field all favor a discharge along the axis and suppress breakdowns to the walls.
As mechanisms for channel initiation will be dealt with in the next section, the focus of this
section is on optimizing the electric field inside the chamber.
The old setup consisted of a 50cm long chamber which was 60cm in diameter. The full
discharge voltage was applied to the two electrodes, and the metallic chamber wall was set to
mid-potential. Since it was possible from the start to create stable channels, it was not nec-
essary to optimize the electric field inside the chamber. Things changed drastically with the
prolongation of the discharge chamber. The additional 50cm in length changed the chamber
geometry, resulting in a modification of the electric field inside the chamber. Due to these
changes, breakdowns to the chamber walls became dominant and it was hard to create dis-
charge channels at all.
As an optimization requires a precise knowledge of the electric field before the discharge,
field calculations were carried out with POISSON[Bil93]. POISSON is an electrostatic and
magnetostatic field solver written at the Los Alamos National Laboratories. In the case of
electrostatics, it solves the Poisson equation[Jac98, Sch87]
∆Φ =−ρq/ε0 (3.15)
for the electric potential Φ (ρq is the charge density). POISSON can solve this differential equa-
tion for three-dimensional configurations with cylindrical symmetry and is therefore ideally
suited for our setup. Each part of the chamber is given by a set of spline data for its boundary
and the specification of the material (metal or dielectric). Each electrode is set to a fixed po-
tential (free-floating electrodes are also possible) and the dielectric constants of the insulators
are specified. Naturally, a completely specified electrostatic problem requires boundary con-
ditions. The cylindrical symmetry implies that the electric field on axis must be parallel to the
symmetry axis. Furthermore it is assumed that the electric potential is zero on the calculation
boundary. This is strictly true only for boundaries at infinite distances, but the error for the
field on axis is negligible, provided the boundaries are sufficiently far away. POISSON uses
the finite element method to solve the problem, and thus creates a fine mesh that covers the
integration area. Since the precision of the calculation decreases with increasing mesh size, a
mesh consisting of up to 1,500,000 mesh points was used. The mesh resolution can be locally
adjusted to account for regions with large electric fields, for example near the electrodes. An
example of the generated mesh is shown in Figure 3.4. The mesh is not generated inside of
conductors, since these are field-free in electrostatics.
Figure 3.5c shows the calculated electric potential for the short setup. The electrodes are set
to -30kV and 0V, respectively, and both parts of the chamber wall are set to a mid-potential
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Figure 3.4.: Cutout of the POISSON grid near the electrode. Note that this example uses
96,000 mesh points, whereas the field calculations used 1,500,000 mesh points.
of -15kV. The potential lines are drawn in 1kV steps. It is clear from this picture that the
largest potential gradient and thus the largest electric field is near the electrodes, whereas the
minimum electric field is near the middle of the chamber. The electric field along the axis
is plotted in Figure 3.5d. It reaches its maximum of 4000V/cm near the anode and drops to
a minimum of 124V/cm at z = 23cm. For a Paschen parameter of p ·d = 100mbar · cm the
breakdown field strength is roughly 20V/cm in xenon and krypton[Bha76, Bha79] and even
lower in ammonia (see Figure 3.6). Thus the field strength in the chamber is sufficient for
channel creation.
Figure 3.5a shows the electric potential in the prolonged chamber. The situation is identical
to the previous calculation, with the exception of the chamber length. The potential near the
electrodes is very similar to the potential in the short chamber, but the potential gradient in
the center of the chamber is drastically reduced. The electric field (Figure 3.5d) now drops
from 4000V/cm to a minimum of 8V/cm at z = 44cm. So the electric field drops by a factor
of 500 from the electrode to the center of the chamber, making it impossible to create stable
discharge channels. This made it necessary to optimize the electric field in the chamber.
There are two ways to improve the field ‘quality’. One can either change the chamber ge-
ometry or the applied potentials. Since the first method is both time-consuming and expensive,
the second alternative was chosen. As the chamber wall consists of three separate parts, each
part can be set to an individual potential, provided that the walls are electrically insulated from
each other. For this purpose, two nylon flanges were mounted between the walls, as illustrated
in Figure 3.1. The flanges are 3cm thick, resulting in a 6cm channel prolongation, and have
an inner diameter of 40cm and an outer diameter of 90cm. A voltage divider consisting of
four 2.5Ω resistors sets the three wall parts to -22.5kV, -15kV, and -7.5kV, respectively. The
calculated potential is shown in Figure 3.5b. The potential in the chamber is now much more
homogeneous than before. The electric field (Figure 3.5d) still reaches its maximum at the
electrodes and reaches its minimum at the center of the chamber, but this time the field drops
from a maximum of 2000V/cm to a minimum of 117V/cm, which is only marginally smaller
than the minimum in the old setup. The calculations are in agreement with the experiments,
which demonstrate that the improved field configuration makes it possible to create stable
channels in the long chamber.
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3.3. Channel creation
An optimized electric field inside the chamber is a necessary, but by no means sufficient condi-
tion for creating a discharge channel. Without some kind of guiding mechanism, the discharge
will simply break down from the electrode to the adjacent chamber wall. In our experiment,
there are two possibilities to guide the discharge: either by ionizing the gas with an ion beam
or by heating it with a laser. The ion beam guides the discharge by creating free electrons along
the channel axis, whereas the laser heating results in a rarefaction of the gas on axis, which
reduces the breakdown voltage. Both methods are used, since they complement each other
in their fields of application. While the initialization with the ion beam can be used with all
chamber gases, the applicability of the laser heating is limited to ammonia in our setup. This
is due to the absorption bands of ammonia in the infrared spectral regions. If the wavelength
of the carbon-dioxide laser is fine-tuned to one of these absorption bands, the laser absorption
increases greatly compared to the untuned case. Unfortunately, only few gases possess ab-
sorption bands near the laser wavelength of 10.6µm, the most practical and cheapest of them
being ammonia.
Despite being limited to ammonia, laser heating is not superfluous, since it has the advan-
tage that it does not require an ion beam and can therefore be used outside of beamtimes to
test the experimental equipment and to study the channel dynamics. In addition, by splitting
the laser beam, it is also possible to create crossed discharges[Nie02], which is not possible
with the ion beam. Furthermore, the reactor scenarios propose the use of a short-pulse laser for
channel initiation. In this case, the absorption is high in all gases. After the channel is initiated
by either method, the prepulse is triggered in order to stabilize the subsequent discharge. Fi-
nally, the plasma channel is created by the main discharge. All three stages of channel creation
are studied in more detail in the following.
3.3.1. Breakdown conditions for a gas discharge
The knowledge of the breakdown characteristics in the chamber is essential for the experi-
ments. For a given chamber geometry and assembly of the electrodes, the minimum break-
down voltage is determined by the species of gas, the gas pressure, and, although to a lesser
extent, the cathode material. In the following, the breakdown condition is derived from some
basic considerations, largely following the derivation in [Dru40, Dru41].
Below the breakdown voltage, a very small current flows between the electrodes, since
processes like cosmic radiation or natural radioactivity always create a small amount of ions
and free electrons in the gas. If these electrons and ions are able to create an avalanche of
new free charges, a breakdown with a huge increase in the current follows. So the breakdown
voltage is determined by the ionization rates. The ionization processes can be divided into two
classes, namely first order processes and second order processes.
In first order processes, the electrons create new electron-ion pairs either by direct ionization
or via meta-stable molecules. Both effects are described by the rate coefficient η , which
is related to the first Townsend coefficient α by η = α/E, E being the electric field. The
increase of an initial current I passing a voltage dU by first order processes is proportional to











Figure 3.6.: Paschen curve for ammonia. The measurement used aluminum
electrodes[Nat68].
the ionization coefficient
dI = η · I ·dU (3.16)
Integrating this equation yields the amplification for the initial current I0
I = I0 · exp [η(U −U0)] (3.17)
The integration constant U0 is caused by space-charge effects at the electrodes and is usually
in the range of (10-50)V. Since the breakdown voltages in our experiment are of the order of











Unfortunately, the ionization rate is often very sensitive to traces of other gases, so that small
impurities can lead to a significant change of the breakdown voltage.
Besides these direct ionization processes, secondary ionization processes play an important
role. The secondary electrons can be liberated either at the cathode or in the gas. The agents
that induce the processes can be positive ions, radiation quanta, or excited and meta-stable
molecules. Which of these processes is dominant depends on the circumstances (E/p, cathode
material, etc.). The rate coefficient for secondary processes is γ . If we take them into account,
the current amplification is given by
I = I0 · exp [η(V −V0)]1− γ(exp[η(V −V0)]−1) (3.19)
We now determine the breakdown condition. At the point of gas breakdown, the initial
current is multiplied by a very large factor, for example I/I0 = 1010. For all practical purposes,
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we can set the amplification to be infinite, yielding the condition that the denominator in
Equation 3.19 must be zero, or, equivalently
γ(exp[η(VB−V0)]) = 1 (3.20)


















The coefficients η and γ , and therefore VB depend on E/p. According to the Paschen law,
the breakdown voltage can be written as a function of p ·d. This approximation holds only
if the separation of the electrodes is small in comparison to the area of the electrodes, since
otherwise some of the electrons and ions get lost at the borders, which alters the effective rate
coefficients and therefore the breakdown voltage. In the case of a non-homogeneous electric
field, as is the case in our experimental setup, the breakdown criterion must be altered to











The function VB(p ·d) is called a Paschen curve in the case of a homogeneous electric
field. Figure 3.6 shows the Paschen curve in ammonia. The minimum breakdown voltage
of (440±20)V is at 1mbar cm. In our chamber setup, the p ·d value is in the range of
(100 - 1000)mbar cm. So the discharges in our experimental setup are to the right of the
Paschen minimum, even if we take the non-homogeneity of our electric field into account. A
reduction of the gas density, for example by laser heating, therefore reduces the breakdown
voltage.
3.3.2. Laser initiation
The laser beam is created by a carbon-dioxide laser (model: SLCR ML-204). It creates laser
pulses with durations of less than 2µs and a maximum energy of 12J. With the help of a reflec-
tion grating, the wavelength of the laser can be tuned in the range of 9-11µm. To maximize the
laser absorption in ammonia, the laser wavelength is tuned to one of the two absorption bands
of ammonia, located at (10309-10352)nm and (10706-10729)nm. While this reduces the max-
imum beam energy to 5J, it is compensated for by the better absorption in ammonia[Ols81a].
Reflected by two plane copper mirrors and a copper focusing mirror, the laser pulse passes a
ZnSe window and enters the vacuum system perpendicular to the beam axis. The pepperpot
mask, which is made of polished molybdenum, is mounted at a 45◦ angle to the beam axis and
therefore reflects the laser along the axis into the chamber, where the beam is absorbed.
For short distances, the decrease of the the laser intensity is proportional to the intensity (I),
the gas density (or, equivalently, the gas pressure p), the traversed distance dz and a factor κ:
dI =−κ pI dz (3.23)
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Figure 3.7.: Absorption measurements for the CO2 laser in ammonia. Measurements for both
the old, 50cm long chamber[Nie02] and the new, 1m long chamber are plotted.
If we assume that the absorption coefficient does not depend on the laser intensity, the intensity
along the absorption path is
I(z) = I0 · exp(−κ pz) (3.24)






= 1− exp(−κ pz) (3.25)
To measure the absorption, the transmission of the laser in the gas-filled chamber is compared
to the transmission in the evacuated chamber. By this method, all losses due to the mirrors
or the entrance window are eliminated from the calculation. Figure 3.7 shows the results of
absorption measurements in ammonia for both the long and the short chamber. For pressures
above 15mbar, the laser is nearly totally absorbed in the long chamber. To compare the mea-






= a0 (1.0− exp [−a1 ·(p−a2)]) (3.26)
where the pressure is measured in mbar. The length L is the total absorption length. It is
the sum of the absorption length in the chamber, Lch, and the path traversed between enter-
ing the pumping section through the germanium window and actually entering the chamber
through the hollow anode. This path is approximately 30cm long, so that the total absorption
length is 80cm for the short chamber and 130cm for the long chamber. The parameter a1
corresponds to κ ·L, whereas the parameters a0 and a2 take measurement errors into account.
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Causes for errors are slight variations of the output energy of the laser and measurement er-
rors of the laser detector (parameter a0). Furthermore, there are uncertainties in the measure-
ment of the gas pressure, due to impurities of the chamber gas and temperature variations.
The fit parameters for the measurements in the short chamber are a0 = 1.04, a1 = 0.12, and
a2 = 3.4, the parameters for the measurements in the long chamber are a0 = 1.0, a1 = 0.2,
and a2 = 2.8. The absorption for low pressures is higher than expected. Pressures above
4mbar agree well with the theory, provided that we shift the curve slightly, whereas the curve
fails to fit the measurements at low pressures. This shift might be caused by uncertainties
in the pressure measurements, which might be caused by the gas inlet that is near the pres-
sure gauge. The ratio of the coefficients a1 is consistent with the theoretical expectations
(a1(long)/a1(short) = 1.3/0.8≈ 2.0/1.2), so that the absorption coefficient κ is identical, as
expected. While the maximum absorption is at high pressures, it is nevertheless preferable to
work at lower pressures (about 5mbar for the long chamber) to get a homogeneous absorption
profile along the chamber axis.
The initial temperature profile is calculated from the absorbed beam energy. The heat ca-














For temperatures above 2100K ammonia starts to dissociate, which increases the specific heat
and limits the maximum temperatures[Ols81a]. If we assume a Gaussian spatial profile of the
laser intensity



























Here n is the particle density, pa the ambient gas pressure, Ta the ambient gas temperature and
Te the temperature immediately after the laser shot. If the radial temperature profile is also
Gaussian







the temperature increase T0 can be calculated for a given pulse energy Q and radial width
σr. Table 3.1 shows the calculated temperature profile for various laser parameters. These
temperature profiles are the starting point for hydrodynamical simulations with CYCLOPS. It
is a one-dimensional code that is able to calculate the rarefaction caused by the laser heating.
The calculation assumes that the gas is heated instantaneously and starts therefore with a
Gaussian temperature profile (Eqn. 3.30) and a homogeneous gas density in the channel. The
parameters for the calculations are taken from Table 3.1, assuming a homogeneous absorption
along the channel. As stated before, in reality the absorption is exponential and the laser
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1mbar, 0.15J 5mbar, 1.2J 10mbar, 2.25J 15mbar, 2.7J
σr = 3mm T0 = 1365K T0 = 1980K T0 = 1890K T0 = 1580K
σr = 4mm T0 = 845K T0 = 1250K T0 = 1190K T0 = 990K
σr = 5mm T0 = 575K T0 = 865K T0 = 820K T0 = 675K
Table 3.1.: Laser absorption in ammonia and resulting temperature profile for a 3J laser pulse
for various widths and at various gas pressures (1.3m total absorption length). The
calculated temperatures are averages over the whole absorption length.
parameter varies along the axis due to focusing. Nevertheless, the gradient of the absorption
is sufficiently small to justify using a one-dimensional model and considering the result as
the channel dynamics averaged over the whole length of the chamber. Figure 3.8 shows the
results for four different sets of parameters. The plots show the gas density (as a fraction of
the initial density) and the gas temperature at the beginning (t = 0) and after 5µs, 10µs, 15µs,
and 20µs. The initial gas pressure ranges from 1mbar to 5mbar. The calculations show that a
rarefaction channel develops in all cases. Its depth is strongly influenced by the laser diameter:
the small beam triggers a rarefaction down to 20% of the initial density. In contrast, the wide
beam only halves the density in the center, creating a wider, shallower channel. There is only
a slight dependence on the initial gas density, since the laser absorption is nearly proportional
to it in the considered density regime. The maximum rarefaction is reached after 10µs and
remains stable for more than 20µs. The simulation results are consistent with gas density
measurements[Nef03, Nef02].
3.3.3. Ion-beam initiation
The applicability of CO2-laser heating is limited to ammonia. Efficient heating of other cham-
ber gases requires the use of a short-pulse laser. Yet the UNILAC ion beam with its kinetic
energy of 11.4MeV/u is an alternative, since it ionizes the gas along its path, thereby removing
the need for a short-pulse laser. Since the ion beam is needed for beam-transport measurements
anyway, its use for ionizing the gas does not require any additional experimental effort.
The modelling of the ionization of the gas is complicated. Yet the energy loss of ions in gas
can be calculated with SRIM[Zie85], a semi-empirical code based on energy loss measure-
ments. This energy loss per ion gives an upper limit on the free electrons that can be created
by an ion, depending on the ionization energy of the gas. These calculations show that an
beam on average deposits an energy of 8-30MeV, depending on the gas species, traversing
1m (p = 1 mbar). If the total energy was used for ionization, this would result in up to 106
free electrons per beam ion (see also Table 2.2). Of course the real number is lower, since
parts of the deposited energy end up in kinetic energy or excitations. Nevertheless, the ion
beam is able to guide the discharge.
This ionization must take place before the start of the prepulse. Since the beam pulse has
typical lengths of around 100µs, this is no problem. The prepulse is simply delayed some
microseconds after the beginning of the beam pulse. The downside of ion-beam initiation is
that it can only be used during beamtimes and is therefore not suited to test the experimental


















Figure 3.9.: Formation of multiple channels after ionization using a pepperpot mask. The
beam is shaped into nine beamlets, as shown on the left. The pictures on the right
show the discharge at three different times. The discharges were created without
a prepulse, which smooths out the channel.
setup or to study the channel dynamics outside of beamtimes. On the other hand, this approach
allows to study other gases, like xenon or krypton, which absorb only a small percentage of
the carbon-dioxide laser. This removes the restriction of using ammonia as a chamber gas and
allows us to test gases which are more suitable for a fusion reactor concept. Ion-beam initiation
has been successfully applied. Photographs show that the discharge path strictly follows the
path of the initial ionization. This is illustrated in Figure 3.9. For this measurement, no
prepulse was employed and a special pepperpot mask was used which divides the beam into
nine separate beamlets, as indicated in the left picture. The right picture shows a lateral view
of the central part of the discharge channel. The first photograph is taken 0.1µs after the
beginning of the discharge and clearly shows three ‘stripes’, the central one being thicker than
the outer ones. The cause of this pattern is indicated in the schematic drawing on the left: due
to the lateral perspective, each of the three ‘stripes’is the superposition of three channels, the
central one being bigger due to the large channel in the center. The photographs show that the
channels expand and merge into one channel at later times.
Obviously, this initiation method would be of little use for our beam transport studies if we
had to deal with several separated channels. Yet the prepulse, which is triggered 10µs before
the main discharge, smooths out the channels, so that we can create a homogeneous channel
for our transport measurements.
3.3.4. Prepulse
After the channel initiation, either by laser heating or by ionization, the second step of channel
creation, the prepulse, takes place. The purpose of the prepulse is to create, or in the case of
laser heating enhance, a rarefaction channel along the axis that is surrounded by a wall of
increased gas density. Such a gas density profile stabilizes the subsequent main discharge
against kink instabilities[Man73]. The prepulse is therefore not strictly necessary for creating
a channel, but improves its stability.
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In order to damp the oscillations of the discharge, a 5Ω resistor is connected in series with
the prepulse generator. This limits the duration of the prepulse to less than 2µs. During
the discharge, the gas is heated on the axis, and afterwards it expands radially, creating the
rarefaction. Due to the numerous physical processes taking place in the prepulse, it is too
complex to be solved analytically. To get a qualitative understanding of the channel dynamics
during the prepulse, it is simulated with CYCLOPS. For a description of the model used in
Cyclops see Apendix C. Naturally, the results of the simulation must not be taken to be
numerically exact, as it uses various approximations, among them the assumption of perfect
cylindrical symmetry during the whole process.
The starting point of the simulation is the final result of the laser-heating simulation de-
scribed in Section 3.3.2. The following simulation studies a 25kV prepulse in 5mbar of
ammonia and starts with the rarefaction channel created by a laser pulse with 3mm width
(see Figure 3.8c). The simulation lasts 10µs. The results of the simulation are shown in Fig-
ure 3.10 and Figure 3.11. The discharge current reaches its maximum of 3kA after 0.4µs
(see Figure 3.11b). The oscillations of the discharge current are efficiently damped by the 5Ω
resistor that is connected in series; the capacitor is therefore fully discharged after 2µs.
The simulation includes both the discharge and the subsequent expansion of the gas. The
discharge leads to a pinching of gas (see Figure 3.10a), resulting in a 10-fold increased mass
density on axis. After the current has subsided, the gas expands outwards, deepening the
rarefaction channel and steepening its edge. After 10µs, the gas density at the center has
dropped to 10% of the initial density. The rarefaction channel has a width of roughly 15mm
and is surrounded by a flank of twice the initial gas density.
Figure 3.10b shows the development of the electron density. The simulation starts with a
non-zero initial electron density to guarantee the numerical stability of the algorithms. As long
as the initial electron density is well below the electron densities encountered during the dis-
charge and sufficiently high to avoid numerical errors, the initial density does not influence the
final values in the channel. The calculation starts with an initial electron density of 1012 m-3.
At the time of the current maximum, the electron density reaches 1023 m-3. These high den-
sities are not reached in the whole rarefaction channel, but only in the innermost section with
a radius of 2mm. Outside this region, the electron density drops rapidly and finally reaches
its initial value. After the discharge is over, the electron density spreads outwards, reaching a
final radius of 5mm and a maximum density of 1022 m-3. It should be noted here that the sim-
ulation run does not take recombination effects into account, since no proper parameters for
the hydrogen-nitrogen mixture are known, so that in reality the final electron density should
be lower.
The temperature profile is shown in Figure 3.10c. After reaching a maximum of 18,000K
at the time of the current maximum, the temperature decreases to 6,000K at the end of the
simulation. The maximum of the temperature is initially slightly off-axis, as the density there
is lower, resulting in a higher energy per ion and electron. After the end of the discharge, the
profile smooths out, resulting in a rather flat profile with its maximum on the axis. At the
border of the channel, the temperature reaches the ambient temperature of 300K.
Figure 3.10d shows the conductivity of the channel. CYCLOPS uses the Drude conductivity
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model[Lib90]




where e is the electron charge, ne the electron density, µ the mobility, me the mass of the
electron, and νcoll the collision frequency. The collision frequency is estimated with an em-
pirical formula. Since the conductivity is proportional to the electron density, the maximum
conductivity is also slightly off-center. The maximum conductivity is reached at the end of
the simulation, since the collision frequency decreases with decreasing temperature, thereby
compensating the reduction of the electron density.
The current density and the magnetic field are shown in Figure 3.11a and Figure 3.11c,
respectively. The total current of 3kA is distributed over a channel of roughly 2mm radius,
resulting in a current density of nearly 1.5 · 108 A/m2. This current creates a maximum mag-
netic field of 0.09T. Naturally, the current density and the magnetic field drop to zero after
the end of the discharge.
3.3.5. Main discharge
After the prepulse and the subsequent expansion phase is completed, the main discharge is
triggered. The delay between the triggering of the prepulse and the triggering of the main
discharge is between 5µs and 20µs. If the delay between prepulse and main discharge is
shorter, the timing of the main discharge becomes unreliable. As before, the channel dynamics
is illustrated with a CYCLOPS simulation run. One should keep in mind that CYCLOPS makes
several approximations, so that its results should be interpreted qualitatively and not be taken
as quantitatively exact. Due to numerical instabilities of the simulation code, the heat radiation
was neglected in the calculation. This results in temperatures which are systematically too
high, which in turn leads to a conductivity and a discharge current which are too high.
The simulation starts with the final results of the prepulse simulation. The main capacitor
bank is charged to a voltage of 20kV. The results of the calculations are shown in Figure 3.12
and Figure 3.13. The spatially resolved quantities (gas density, electron density, temperature,
conductivity, current density, and magnetic field) are plotted for five times, ranging from t = 0
to t = 4µs, whereas the current and the density at the center are plotted continuously from
t = 0 to t = 5µs. The simulation was limited to this time span, since the simulation became
numerically unstable for later times. The discharge current (Figure 3.13b) reaches a maximum
of nearly 50kA, which is twice as large as the measured current. The maximum current is
reached after 4.5µs, whereas in reality the maximum is reached after 6µs (see Figure 4.4).
The evolution of the mass density is plotted in Figure 3.12a. At the beginning, an inner
section, which is roughly 2.5cm in diameter, is nearly cleared from ammonia, and surrounded
by a wall of doubled gas density, which separates the rarefaction channel from the ambient
gas. The discharge leads to a pinching of the gas on the axis, resulting in a density profile
with its peak on the symmetry axis. According to the simulation, the density on axis is eight
times the ambient gas density and the diameter of this peak is roughly 5mm. The pinching
on axis leads to an additional rarefaction wave, resulting in a ‘blanket’ of cold gas travelling
outwards. Figure 3.12c shows the evolution of the temperature profile. The profile is peaked
3.3. Channel creation 57
at the boundary of the pinched gas and reaches a maximum of roughly 16eV. For greater
radii, the temperature falls gradually until it reaches the ambient gas temperature of 300K at
the border of the channel.
The electron density (Figure 3.12b) is peaked on the axis and reaches a maximum of
1024 1/m3. Outside the pinched gas, the electron density is nearly constant at 1022 1/m3. Both
limits are in the range of electron densities measured at the old experimental setup. Fig-
ure 3.12d shows the conductivity in the channel. CYCLOPS uses an empirical model for the
collision frequency which takes both the gas density and the electron density into account,
so that the density dependence is more complicated than in Equation (A.3). The conduc-
tivity of the channel is nearly constant along the channel and stays approximately constant
at 1.5 ·105 1/Ωm. The width of this profile is a little bit smaller than the width of the elec-
tron density profile. The current density is peaked on the axis and reaches a maximum of
3.6 ·108 A/m2 (Figure 3.13a). The current density in the outer regions of the channel is roughly
0.5 ·108 A/m2. Due to this current density profile, the magnetic field is no longer linear, but
consists of two roughly linear sections (Figure 3.13c). In the next chapter, the simulation
results are compared with measurements.
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The experiment is located at the Gesellschaft fu¨r Schwerionenforschung and uses ion beams
from the ‘Universal Linear Accelerator’ (UNILAC). The accelerator can provide a wide range
of ions with energies up to 11.4MeV/u and electric beam currents of up to 1mA.
Figure 4.1 shows the experimental setup during a beamtime. The discharge chamber is
mounted inside a Faraday cage, which shields the cameras and the laser from the rf-noise
generated by the high-current discharge in the chamber. The beam of the carbon-dioxide laser
on the right is directed by a set of plane mirrors and a focusing mirror onto the pepperpot
mask, which is mounted in the beamline at the back side of the chamber. Also shown are the
prepulse generator and the main generator. Three cameras are used to analyze the channel
dynamics and the beam transport properties. One camera (PCO DicamPro) is mounted on the
beam axis to take images of the scintillator mounted inside the cathode. Another DicamPro
camera takes pictures of the central section of the discharge via a mirror and a window in
the chamber. Both DicamPro cameras have an image resolution of 1280×1024pixels. On
the opposite side a framing camera (DRS Hadland Ultra) is mounted to take image series
of the discharge evolution. While its optical resolution of 520×520pixel is worse than that
of a DicamPro camera, its ability to take eight consecutive pictures during one discharge
make it essential for the study of instabilities, which by their very nature are not reproducible.
The relative timing of the pictures is arbitrary, as long as their exposures do not overlap. A
disadvantage of the framing camera is that it requires more light than the DicamPro cameras
for a sufficient exposure of the images. This rules out its use for taking series of scintillator
images, yet the light emitted by the discharge is more than sufficient for using the framing
camera. For images of the discharge channels minimum exposure times of 10ns were used
with both cameras, whereas the scintillator images required an exposure time of 0.5µs. The
timing of the cameras is controlled with computer programs and is checked by comparing the
timing signal of the cameras with the current profile of the discharge. The optical diagnostics
are supplemented by the measurement of the total discharge current and of the current that
flows through the voltage divider.
As the purpose of the experiments is to demonstrate successful beam transport in the prolon-
gated chamber, the experiments can be divided in three major groups: determining the pressure
range for channel creation, studying the stability of the discharge, and determining the beam
transport properties of the channel. First measurements show that the channel causes no sig-
nificant increase of the beam emittance (for further information see [Kno04]). Typical channel
properties, such as electron temperature, electron density, and magnetic field, had already been
measured with the old experimental setup[Nie03b, Nie02, Nie03c, Nie01, Nef02, Pen02c].
Doubling the channel length has little effect on the channel parameters, so the results of the
measurements at the old chamber still hold. The measurements used both laser-initiated chan-

















Figure 4.1.: A photograph of the experimental setup. The chamber is mounted inside a Fara-
day cage.
krypton and xenon. Channels were also created in nitrogen, neon, and argon, but the channel
quality was better in the aforementioned two gases (that is the probability of breakdowns to
the walls was lower), so that the measurements focused on these gases. The reason for this
is probably the larger energy loss of the beam ions in xenon and krypton (see Table 2.2) in
comparison to the other gases. In combination with their low ionization energy, this results in
a high degree of ionization, which guides the subsequent discharge efficiently along the axis.
As the chamber geometry is fixed, two free parameters for the discharge remain: the initial
gas density in the chamber and the magnitude of the voltage applied at the electrodes.
In krypton channels were created for pressures between 0.5mbar and 1.2mbar and in xenon
in the pressure range from 0.5mbar to 1.0mbar. Figure 4.2 shows the breakdown measurement
in ammonia. These measurements used only the prepulse. As indicated in the graph, discharge
channels can be initiated for pressures between roughly 1mbar and 10mbar. In this region, the
breakdown voltages increases linearly with the gas pressure, which is in accordance with the
Paschen curve. Channels can also be created at pressures higher than 10mbar with the main
pulse generator, but the discharge shows then a varying delay from the time of the trigger pulse
and gets unstable (see also Section 4.2). A more detailed description of the operating regime
is given in [Kno04]).
The measurement of the discharge current yields an estimate of the current density inside
the channel (and thereby the magnetic field of the channel) and the relative timing of the
discharge and the cameras and other diagnostics. The situation is depicted in Figure 4.3, in
which the discharge current and the monitor signals of the scintillator camera and the side-
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Figure 4.2.: Minimum voltages for channel creation in ammonia in the extended chamber.
The measurements used only the prepulse and the carbon-dioxide laser.
view camera are plotted. The monitor signal lasts over the whole exposure time, in the case of
the scintillator camera 1µs and in the case of the side-view camera 10ns. After determining
the start of the discharge (marked by a blue bar), the timing of both cameras can be determined
from the oscilloscope data. Provided that the channel is stable, the discharge can be repeated
under identical conditions with a varied timing of the cameras and these measurements can be
combined to a time series of the channel evolution.
The magnitude of the discharge current has a large influence on the channel dynamics.
A reliable measurement of the discharge current is therefore necessary. The measurements
originally used a 1mΩ shunt to measure the discharge current, but the discharge currents were
suspiciously high. Therefore the current shunt was replaced by a calibrated current transformer
for a more accurate measurement of the discharge current.
One current transformer with a sensitivity of 1mV/A (Pearson current monitor 5664) mea-
sured the total discharge current in the generator, while a second transformer with a sensitivity
of 10mV/A (Pearson current monitor 4160) measured the current passing the voltage divider.
The current passing the discharge chamber is the difference between the total current and the
current through the voltage divider.
Figure 4.4 shows a measurement for a 20kV discharge in 4.5mbar ammonia. The discharge
current reaches a maximum of 25kA after 6.2µs, whereas the current through the voltage
divider reaches its maximum of 1.3kA directly after the triggering of the discharge, when
the resistance of the channel is still high. Apart from this early stage, the current through
the voltage divider is only a small fraction of the total current, typically a few percent. As
indicated in Figure 4.4, the current in the voltage divider and the channel can actually flow
in opposite directions. This can be explained by applying Kirchhoff’s loop rule to our setup,
in which the voltage divider with its resistance Rvd is connected in parallel to the discharge
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Figure 4.3.: Measurement of the relative timing of the cameras. Plotted are the discharge
current and two camera signals.






Ich ·Rch +Lch · dIchdt
)
(4.1)
holds, where Ich is the current through the channel and Ivd the current through the voltage
divider. After the current maximum, the second term in the bracket becomes negative and
eventually the bracket turns negative, resulting in a current flowing in the opposite direction
of the discharge current.
In order to check the phase lag between the total current and the current through the voltage
divider, the current curves are calculated with a simplified model for the channel resistance.
The simulations with CYCLOPS suggest that the final channel conductivity is reached within
the first microsecond. Thus the conductivity essentially switches from the value for a cold gas
(σ0) to the plasma conductivity (σmax). In order to avoid discontinuities which arise from the
use of a step function, the switching processes is modelled by
σ(t) = (σmax−σ0) ·
(
1− 1
exp [α ·(t− t0)]+1
)
+σ0 (4.2)
This function switches between σ0 and σmax and reaches the average (σ0+σmax)/2 for t = t0.
The steepness of the curve is determined by the parameter α . The resistance of the channel is






























Figure 4.4.: Total discharge current and current passing the voltage divider for a 20kV dis-
charge. Plotted are measured currents for a discharge in 4.5mbar ammonia
(solid lines) and curves calculated with the model described in the text for
two sets of parameters: σmax = 104/Ωm, Lch = 1100nH (dashed lines) and
σmax = 5 ·103/Ωm, Lch = 700nH (dash-dotted lines).
where L is the channel length and Dch is the channel diameter. The circuit is modelled in
detail (see Figure 4.5). The main capacitor bank and the cables are represented by a resistor, a
capacitor, and an inductance connected in series (their parameters are given in [Pen02c]). The
voltage divider acts as a resistor. Its capacitance is negligible, and since through it is small, its
inductance is less important than the channel inductance and is therefore neglected to simplify
the modelling. The plasma channel in the discharge chamber is represented by a resistor and
an inductance, as derived in the previous chapter. The differential equation describing the









































where Q(t) is the capacitor charge. To yield a solution, three initial conditions are required.
The first condition is the initial capacitor charge, that is
Q(t = 0) =C ·U0 = Q0 (4.5)
where U0 is the charging voltage. Secondly, the initial discharge current is zero



















Figure 4.5.: Schematic of the simulated discharge circuit. The capacitor bank and the cables
are represented by a RLC series.
Thirdly, the current passing the channel must also be zero. This implies
d2Q
dt2 (t = 0) =−
Q0
Lcables ·C (4.7)
The problem is thus completely specified and can be solved numerically with Mathematica, a
mathematical software package. The calculation simulates a 20kV discharge in ammonia. In
Equation 4.2, the initial conductivity of the channel σ0 is 100/Ωm and the final conductivity
is adjusted to fit the measured currents. The parameter t0 is taken as 1µs and the parameter α
as 5 ·106/s. The maximum conductivity is reached after roughly 2µs.
The calculation also takes the channel expansion into account. The time-dependent channel
radius rch is calculated from a quadratic fit to measured data, in this case taken as




Based on this model, the resistance of the channel is calculated according to Equation 4.3.
For the sake of simplicity, the calculation assumes that the channel inductance does not vary
during the discharge. Its value is adjusted to fit the current measurements. The resistance of the
voltage divider is 10Ω. In the calculations the inductance of the voltage divider was neglected.
The inductance and the resistance of the generator and its cables were measured[Pen02c], and
are taken as 437nH and 52mΩ, respectively.
Figure 4.4 shows the results of this calculation. Plotted are the measured curves and the
calculated ones for two sets of parameters. The first set, corresponding to the dashed lines in
the plot, assumes a final channel conductivity of 104/Ωm and a channel inductance of 1100nH.
The comparison with the measurements shows that the calculated discharge current is too high
in this case. The calculated current through the voltage divider is too high, which is caused by
the neglect of its inductance, which reduces the current. The calculated curves for a second set
of parameters, namely a final conductivity of 5 ·103/Ωm and a channel inductance of 700nH,
are plotted in dash-dotted lines. The curve of the total current is in very good agreement with
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the measurement. It diverges after approximately 15µs when the quadratic fit for the channel
radius no longer holds. The current through the voltage divider is again too high. All in all,
the simulations are consistent with a channel conductivity of roughly 5 ·103/Ωm in this setup.
All qualitative features are obtained, especially the phase shift between the main current and
the current through the voltage divider.
4.1. Ion beam transport and channel evolution
Three sets of data are combined to analyze the beam transport in the channel: the discharge
current, the evolution of the channel diameter, and the size of the ion beam. By combin-
ing these data, the measurements can be compared with the predictions of the calculations.
Starting with the explanation of the measurement techniques and data analysis, we will then
proceed to interpret the results. The measurements of the channel diameter and beam size both
require digital high-speed cameras. As these cameras can only take one picture per discharge,
the discharge is repeated under identical discharge conditions with varied camera timings, so
that the combination of the results yields a time series. Tests verified the reproducibility of the
discharge, provided that no instabilities develop. By comparing the monitor signal with the
measured current profile, the exact timing of each exposure is determined.
The measurement of the channel diameter is straightforward. The starting point is a side-on
image of the central section of the channel with up to 4096 intensity steps (see Figure 4.9c).
Taking vertical slices of the images yields intensity profiles I(y) which are fitted with a Gaus-
sian curve
I(y) = I0 · exp
[−(y− y0)2/2σ2r ] (4.9)
The full-width-half-maximum (FWHM) W of the channel is related to the fit width by
W = 2σr ·
√
2 ln(2) (4.10)
Naturally, the width of the channel is not absolutely constant along the axis. Additionally, the
intensity profiles are not perfect Gaussian curves. To minimize the fitting error, the width is
calculated for each vertical line of the picture and the average over all fits is calculated. In a
second step, the average intensity profile of the channel is calculated and again fitted with a
Gaussian function. Taking the average of both methods yields the channel width. In addition,
this averaging yields an estimate of the fitting error caused by spatial variations of the channel.
All these calculations are performed automatically in a small IDL[Res99] program.
The results are plotted in Figure 4.9, 4.10, and 4.11. Fitting these curves with a quadratic
function











yields an analytic formula for the evolution of the channel diameter. The curves are plotted
in the figures and the fitting parameters are listed in Table 4.1. The average velocity v¯ of the
channel for the first 10µs is given by
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Gas p (mbar) Umain (kV) Imax (kA) a0 a1 a2 v¯ (m/s)
NH3 2.6 - 2.7 20 33.6 0.775 7.26 ·10−3 1.87 ·10−2 1000
5.0 25 56.0 0.742 −9.56 ·10−3 2.93 ·10−2 1350
Krypton 0.5-0.8 25 51.2 0.374 1.67 ·10−1 −3.42 ·10−3 650
1.8 25 42.0 0.481 1.89 ·10−1 −1.05 ·10−2 400
Xenon 0.9-1.1 25 52.8 0.496 9.55 ·10−2 – 450
Table 4.1.: Fit parameters for the channel evolution. The evolution of the channel diameter is
fitted with a quadratic curve with parameters a0, a1, and a2. Umain is the capacitor
voltage, Imax is the maximum current, and v¯ is the average expansion velocity of
the channel.
and varies between 400m/s in krypton and up to 1350m/s in ammonia. Since the channels
expand rapidly, it is obvious that the pressure inside the channel must be much larger than
in the case of an equilibrium. For a homogeneous current density inside the channel, the







where p0 is the pressure on the axis and R is the radius of the channel. The lower limit for the








The radii of the channels at current maximum vary between 0.5cm and 0.8cm, so that the
minimum pressure varies between 1bar and 0.5bar for a 10kA discharge and between 20bar
and 8bar for a 40kA discharge. The high expansion velocity indicates that the real pressure is
much bigger.
This section focuses on beam dynamics measurements, that is measuring how the beam
size evolves over time. The method of these measurements is simple: a mask shapes the beam
prior to entering the channel and a scintillator detects its shape after passing the channel. A
sketch of the diagnostic setup is shown in Figure 4.6. The ion beam comes from the left and
hits a pepperpot mask, which blocks most of the beam ions and thereby creates an exactly
defined spatial beam profile. This makes it much easier to study the beam dynamics, since
distortions and inversions of the beam can be easily spotted on the scintillator image. The
pepperpot mask is mounted in the differential pumping section and has an angle of 45◦ to
the beam axis. It is made of molybdenum, has small hole borings with diameters between
1mm and 2mm and separates two distinct regions: to its right the gas density is equal to
the (ambient) density inside the chamber, whereas to its left the pumping section reduces the
density to fore-vacuum conditions, that is to a pressure of roughly 10−2 mbar. The purpose of
the pepperpot is thus threefold: to shape the spatial profile of the ion beam, to reduce the gas
throughput to the differential pumping section, and to serve as a mirror for the carbon-dioxide











Figure 4.6.: Principle of beam transport measurements with a pepperpot mask, a scintillator,
and a digital camera.
the chamber through the hollow anode, travel inside the channel, and finally hit the scintillator
(BC-100) mounted inside the cathode at the other end of the chamber. A 10µm thin nickel foil
blocks light from the discharge, but causes only a negligible energy loss of the ions. Behind
the scintillator is a glass window that protects it from the atmospheric pressure outside the
chamber. A high-speed digital camera photographs the scintillator, which emits light when hit
by the ions. Since the intensity of the light emitted by the scintillator is much weaker than
that emitted from the discharge, the minimum exposure time is 0.5µs, in contrast to 10ns for
images of the discharge.
The scintillator images yield qualitative information about the beam transport properties
of the channel: a distortion of the beam shape indicates non-linearities of the magnetic field
and the information whether the beam is inverted or not limits the range of possible betatron
wavelengths. For a more profound analysis of the transport properties, quantitative data are
necessary. The size of the beam is a suitable measure that can be derived from the images and
can be compared with the theoretical calculations.
Measuring the beam size is straightforward. In order to analyze a large number of pictures
efficiently, it is necessary to automate the analysis, so the whole analysis is carried out by
a small IDL[Res99] program to which the user only specifies the name of the image to be
analyzed. The boundary of the beamlets is determined by their contour lines (see Figure 4.9a).
Since the betatron oscillation does not rotate the beam but at most inverts it, the size of the
beam is proportional to the area of the rectangle that covers the whole beam. The size of this
rectangle is given by
Fbeam = (xmax− xmin) ·(ymax− ymin) (4.15)
where xmin refers to the minimum x coordinate encountered in any of the contour lines, xmax
to the maximum x coordinate, and correspondingly for ymin and ymax. To get a quantity that





Figure 4.7 shows three typical scintillator images. The first picture is a reference picture
of the beam passing a chamber without a discharge channel. As the ion beam did not overlap
with the whole pepperpot mask, some of the mask ‘points’ that are shown in Figure 2.6a are
missing, but this has no major effect on the analysis besides reducing the beam size. The
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Without channel Partly focused Full focus
Figure 4.7.: Scintillator pictures for three stages of the transport. The pepperpot mask was not
fully illuminated by the ion beam, so that only a part of the cross shape is visible.
second image shows a partly focused beam. While the shape of the cross and its orientation
are still clearly visible, its size is drastically reduced. The last image shows a focused beam.
In this case the beam ions are now focused in a very small area, so that the orientation of the
cross is no longer discernible.
To be able to analyze the data, it is necessary to calculate the effects predicted by the theory.
In the following, we always assume that the current density inside the channel is homogeneous,
so that the particle trajectories are given by betatron oscillations. The size of the ion beam on
the scintillator depends on the phase of the betatron oscillation after traversing the whole
channel. The size r(t,z) is given by
r(t,z) = r0 · cos [φ(t,z)] (4.17)
where φ denotes the betatron phase at time t and at z and r0 is the initial size of the beam.
Obviously, the phase at the scintillator is given by 2pi L/λB, L being the channel length. The















where mu is the nucleon mass, N the mass number, R the channel radius, and I the discharge
current. The first two factors are constant, whereas the last depends only on the channel
dynamics. All measurements used a 20983 Bi beam with a kinetic energy of 11.4MeV. Inserting
the beam data, the expression for the betatron wavelength simplifies to





As the wavelength grows linearly with the channel radius and is inversely proportional to the
square-root of the discharge current, the variations of the channel have a major influence on
the focusing properties of the channel. Focal points are essential for the analysis of the beam
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Figure 4.8.: The betatron wavelength λB calculated for five different channel radii, depending
on the discharge current in the channel. In addition, the wavelengths correspond-
ing to the first focal points are marked. The curves are calculated for a 20983 Bi
beam with a kinetic energy of 11.4MeV.
transport, since the beam reaches its minimum size and is inverted when passing these points.
The focal points are given by the condition
L = (2n+1)λB/4 n ∈N0 (4.20)
or, conversely,
λB = 4L/(2n+1) = (4L,4L/3,4L/5,4L/7, . . .) = (400cm,133.3cm,80cm, . . .) (4.21)
Figure 4.8 shows plots of the betatron wavelength, the focal points being indicated by horizon-
tal lines. The beam is inverted between the first and the second focal point, twice inverted (and
thus upright again) between the second and the third focal point, thrice inverted between the
third and the fourth focal points, and so on. As can be seen in the figure, the beam dynamics
is very sensitive to the channel radius, a smaller radius leading to more beam inversions.
The transport properties were measured for five different sets of channel parameters: one
channel in xenon, two channels in krypton, and two channels in ammonia. The data are plotted
in the Figures 4.9, 4.10, and 4.11. The plots show the discharge current, the evolution of the
channel diameter, and the evolution of the beam diameter. In addition, inversions of the beam
are indicated in the plots. It was not possible to detect inversions in all measurements, as in the
case of the measurements with xenon and 1.8mbar krypton, the beam was most of the time too
small to detect its orientation. All beam transport measurements used a bismuth beam with a
kinetic energy of 11.4MeV/u.
Naturally, all measurements start with the initial beam size Dav(t = 0) which is approxi-
mately 1.2cm. At the beginning the discharge current is equal to zero and the betatron wave-
length therefore infinite. It is also clear that the inversion of the current flow direction results in
































































































































































































































































































































































































































































































































































































































































































































a diverging beam and thus a largely growing beam size. All measurements show that after the
first half period of the discharge, which takes roughly 10-12µs, the beam size indeed increases
rapidly, getting bigger than it would be without a channel. The dynamics between these two
limits is complicated and depends, as indicated above, sensitively on both the channel radius
and the discharge current. In the initial stage the channel is 0.5cm to 0.7cm in diameter and
thus actually smaller than the beam diameter, so that we have the situation of a mismatched
beam, described in Section 2.3.5. The dynamics during the first half period can be divided in
two sections. In the time before the current maximum (roughly at 6µs), both the channel di-
ameter and the discharge current increase. Since an increasing diameter increases the betatron
wavelength, whereas an increasing current decreases it, these effects partly compensate each
other, resulting, at least initially, in an overall decrease of the betatron wavelength. After the
current maximum, the discharge current decreases, so that the betatron wavelength increases
from that point on. The expansion rate of the channel varies between the different measure-
ments and is the fastest for ammonia, resulting in large variations of the betatron wavelength.
In the following, a short overview of the measurements is given:
• 1 mbar xenon: The discharge uses a capacitor voltage of 25kV. The maximum dis-
charge current is 52.8kA and is reached after 6µs. In that time, the channel expands
from 0.6cm to 1.1cm. The beam diameter drops rapidly drops rapidly during the first
2µs and stays very small for the subsequent 6µs. The beam is so small that it is impos-
sible to detect beam inversions.
• 0.6 mbar krypton: The discharge uses a capacitor voltage of 25kV. The maximum
discharge current is 51.2kA and is reached after roughly 5.5µs. In that time, the channel
expands from an initial diameter of 0.5cm to 1.2cm. The beam diameter drops during
the first 2µs to roughly 0.5cm and varies little in the subsequent 8µs. The beam is
inverted, but due to the rapid decline of the beam diameter in the beginning, it is not
clear if it is once or thrice inverted.
• 1.8 mbar krypton: The discharge uses a capacitor voltage of 25kA. The maximum
discharge current is 42kA and is reached after 5.5µs. In that time, the channel expands
from 0.6cm to 1.2cm. The beam size drops to 0.4cm during the first 2µs and stays
roughly at this level for the next 6µs. The beam is so small that it is not possible to
detect beam inversions.
• 2.6 mbar ammonia: The discharge uses a capacitor voltage of 20kV. The maximum
discharge current is 33.6kA and is reached after 6µs. During this time, the channel
diameter increases from 0.7cm to 1.5cm. The beam size drops nearly linearly during
the first 5µs and then expands again before it is again reducing after 9µs. The beam is
inverted early on; it is not clear if the beam is once or thrice inverted.
• 5 mbar ammonia: The discharge uses a capacitor voltage of 25kV. The maximum dis-
charge current is 56kA and is reached after 7.5µs. During this time, the channel expands
from an initial diameter of 0.7cm to 2.5cm. The beam size ‘oscillates’ between its ini-
tial size and minimum sizes of 0.4-0.6cm. The beam is inverted in the beginning, then
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I0 = 55 kA
I0 = 60 kA
Figure 4.12.: Calculated scaling for a discharge in ammonia. The channel evolves according
to the measurement in 5 mbar ammonia.
twice inverted (and thus being upright again), and the inverted until the final expansion
after 11.5µs.
To compare the measurements with the theory, the focusing beam according to the simple
betatron model was calculated for the parameters of the discharge in 5mbar ammonia. The
calculation modelled the channel expansion with a quadratic curve fitted to the measurement
data and assumed a sinusoidal discharge current. The results for three different discharge
currents are plotted in Figure 4.12. The curves show a fast oscillation of the beam size during
the first 0.5µs. As the exposure time for the images is at least 0.5µs, this is not detectable in our
measurement. For the next 1µs, the beam is inverted, followed by roughly 4µs, during which
it is upright again and has roughly its original size and is then inverted again. If we compare
this to the measurements, we see that the qualitative behavior is similar, but that the calculated
curve oscillates faster than in the measurements. This might be due to uncertainties in the
channel radius or measurement errors for the discharge current. All in all, the calculations
produce results similar to the measurements, but a fitting of the measurements with calculated
curves is not possible due the extreme sensitivity of the scaling with regard to changes in the
channel diameter or the discharge current.
4.2. Channel instabilities
It is essential to limit the growth of channel instabilities, since their uncontrolled growth might
worsen the beam transport properties of the channel and even lead to its disruption. Therefore
it is necessary to keep the instabilities small until the beam has passed the channel. In the fol-
lowing, the study is limited to pure magnetohydrodynamical instabilities. Ion-beam induced
instabilities of the beam-plasma system are important only for large beam currents and can
therefore not be studied with our experimental setup. The results of the theoretical analysis of
these instabilities are outlined in Section 2.3.9.
76 Measurements
(a) Stable discharge (b) Unstable discharge
Figure 4.13.: A stable channel and a fully developed kink instability in ammonia. Both pho-
tographs show a 6.8cm central section of the channel.
The difference between a stable and an unstable channel is illustrated in Figure 4.13. Here
the unstable channel shows the typical helix-like structure of a kink instability. The develop-
ment of instabilities was studied for channels in ammonia, xenon, and krypton. For normal
operating conditions, that is for pressures up to 10mbar in ammonia and around 2mbar in
krypton and xenon, no pronounced instabilities were observed. A thorough search for insta-
bilities in ammonia revealed that they develop for pressures above 15mbar. As indicated in
Figure 4.2, it is not possible to use the prepulse, since it does not create a discharge channel at
these high pressures. Due to its larger stored energy, the main discharge is still able to create
a discharge channel, but usually only with a delay of several microseconds (see Figure 4.14).
The lack of a prepulse is one of the factors that make the channel more susceptible for
instabilities. Another factor is the high gas density itself. As indicated in Figure 3.7, the laser
pulse is fully absorbed at a pressure of roughly 20mbar. For such high pressures, the laser
absorption along the axis is very inhomogeneous and the resulting variations in the density
and temperature profiles along the axis can drive the development of instabilities. In addition,
the channel rarefaction at these high pressures is less efficient than for lower pressures, so the
stabilizing effect of the density profile is smaller.
In order to compare the experiment with the theory, which is described in Section 2.2.4, it is
necessary to measure both the wavelength and the growth rate of the instability. This requires
a time series of channel images that can be analyzed. For stable channels such time series
can be measured simply by repeating the discharge with constant parameters and adjusting the
time of the snapshot for each iteration, but this method cannot be used for unstable channels.
As, by their very nature, instabilities are not reproducible, it is necessary to take all images of
the time series during one discharge. The framing camera used in our experiment makes this
possible, as it is able to take eight subsequent images in a row, each picture having a minimum
exposure time of 10ns. The relative timing of these images can be adjusted freely, provided
that the exposures do not overlap. Figure 4.15 shows such a series of images, taken during
a discharge in 22mbar of ammonia. The series starts at the time of the current maximum
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Breakdown in the chamber
Taken as t = 0
Figure 4.14.: The discharge current in 22mbar ammonia. The curve indicates that the break-
down in the chamber occurs with a delay of 6µs. Before that breakthrough, the
current is limited by the resistance of the voltage divider.
.
when, as can be seen in the first picture, the development of an instability has already set in.
The subsequent pictures, which were taken in 1µs steps, show that the spatial structure of the
instability stays constant and that its amplitude increases.
As mentioned above, the characteristic properties of a kink instability are its wavelength λ
and its amplitude. The images show that the instability of the channel can only approximately
be described by the helical structure of a kink instability, so the aim of the measurements is to
determine its averaged wavelength and its averaged amplitude.
To this end, the images of the framing camera are analyzed with a small program written in
the Interactive Data Language (IDL)[Res99]. The analysis is semi-automatic and illustrated
in Figure 4.16. After the picture is selected, the program starts by determining the border of
the channel (indicated in red) with a contour fit. The program then calculates the averaged
boundaries of the channel from the contour data, yielding in turn the center of the channel and
an averaged channel radius. The averaged boundaries and the central axis of the channel are
indicated with dashed lines in the figure. So far, no user interaction was required, but now
the maxima and the minima of the kink must be specified by the user. The selected points
are indicated by small squares in the figure. Based on these data, the program calculates the
averaged wavelength and the averaged amplitude of the instability. The interactive selection
of the maxima and minima is the largest source for errors in the analysis, since it is based
on subjective decisions. Yet the averaging process limits the effect of these errors on the
calculations.
The analysis of the instabilities requires amplitudes of at least 0.1cm, as otherwise the ex-
trema cannot be marked accurately. The method is therefore not applicable to the early stages














































































































Figure 4.16.: The measurement of the channel perturbation. The surface of the channel, indi-
cated in red, is detected automatically. Likewise, the axis of the channel and the
average diameter are calculated automatically. The extrema, indicated by small
squares, are selected by the user.
pressures between 15mbar and 20mbar instabilities are visible but cannot be analyzed because
of this limitation. In the following, four measurements with identical discharge parameters are
compared. All measurements used 22mbar ammonia and a capacitor voltage of 25kV. The
results of the measurements are shown in Figure 4.17, which shows the development of the
amplitude of the instability and of the channel radius. The expansion velocity of the channel
was determined by linear regression of the data. Likewise, an average growth rate ˙ξ of the
instability was determined. In addition, the amplitude data was fitted with the function
ξ (t) = ξ0 · exp(Γ · t) (4.22)
that describes the exponential growth of the instability. The fit parameters are listed in Ta-
ble 4.2. The measurements show that the expansion of the channel is five to ten times faster
than the growth of the instability.
In the following, the experimental results are compared with the theoretical model outlined
in Section 2.2.4. Obviously the model and the channel in our experiment differ in several
important aspects. Most importantly, the model starts with a stationary channel and assumes
that the whole current flows on the surface of the pinch, whereas in the experiment the channel
is rapidly expanding and the current density is homogeneous inside the channel.
The measurements show that the wavelength of the instability varies only little between the
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Measurement λ (cm) ∆λ (cm) vr (m/s) ˙ξ (m/s) vr/ ˙ξ ξ0 (mm) Γ (1/s)
1st 2.0 0.2 1425 137 10.4 0.38 1.08 ·105
2nd 1.7 0.5 1560 283 5.5 0.79 1.07 ·105
3rd 1.8 0.3 1437 180 8.0 0.54 1.16 ·105
4th 2.1 0.2 1492 224 6.7 0.91 8.85 ·104
Table 4.2.: Parameters of the fits of the instability measurements. The wavelength of the in-
stability is given by λ . The channel expansion velocity vr and the averaged growth
rate of the amplitude of the instability ˙ξ are determined by linear regression. In
addition, the data for the instability are also fitted with the exponential function
ξ (t) = ξ0 · exp(Γ · t).
corresponding to the maximum growth rate for a pinch surrounded by gas is given by
λmax ≈ 9.2 ·rp (4.23)
where rp is the radius of the pinch. The measured wavelength of 1.9cm therefore corresponds
to a channel diameter of 4.2mm. Since the initial diameter of the discharge channels is typi-
cally between 4mm and 8mm, the measurement is consistent with the theory.
For small amplitudes, the growth rate of the instability is exponential. If the amplitude ξ





the growth rate is reduced and the amplitude ξ becomes proportional to (t − t0)2, where t0
is the time of this transition. For a wavelength of 1.9cm, the transition is reached for an
amplitude of 3mm. A comparison with the measured amplitudes (see Figure 4.17) shows that
our measurements should correspond to exponential growth, the growth rate being on average
roughly 105/s.
As expected, the analytical model is not able to quantitatively reproduce the measurements,
since a growing instability with a wavelength of 2cm would require a channel diameter of less
than 7mm, which is smaller than the measured diameters. Yet the qualitative statement of the
theory, indicating a stabilization of the discharge by the surrounding gas blanket is verified
by the measurements, since the channel is stable for normal operating parameters. This is in
contrast to what would be expected for a pinch in vacuum which is very susceptible for kink
instabilities.
5. Summary
Assisted pinched transport is studied as a promising alternative to neutralized-ballistic trans-
port, since it can be used with all three kinds of chamber protection, namely thick-liquid wall,
wetted-wall, and dry-wall schemes. It uses a plasma lens to focus the ion beam outside the
chamber and a plasma channel to transport the beam towards the hybrid target at the center of
the chamber. The channel plasma provides free electrons for the neutralization of the space
charge and the current of the ion beam. In addition, a moderate discharge current of roughly
50kA creates a large azimuthal magnetic field that prevents the ions from leaving the chamber.
The appeal of the scheme is the decoupling of the focusing of the beam and the final transport,
which relaxes the focusing requirements. Simulations and theoretical estimates indicate the
system is able to transport high-current heavy-ion beams.
The purpose of this work is to demonstrate the feasibility of creating 1m long, stable
and free-standing discharges and to study their transport properties for low-current heavy-
ion beams and the stability of the channel. To create such long channels, it was necessary to
extend the chamber to twice its original length by inserting a new, 50cm long, section. As
this changed the proportions of the chamber significantly, the minimum electric field on axis
dropped dramatically. In order to prevent breakdowns to the chamber walls, the electric field
in the chamber was altered by electrically insulating the three chamber segments from each
other with two nylon flanges and by setting them to three different potentials. The electrostatic
code POISSON was used to calculate the electric field inside the chamber for different potential
setups. The calculations showed a fifteen-fold increase of the minimum electric field on axis if
three wall potentials were used instead of using only one potential for the whole chamber wall.
With the help of this optimization, it is possible to create stable channels in various gases. The
channels reach maximum discharge currents of more than 50kA. The initial diameter of the
channels varies between 0.5cm and 1cm. The channels expand, reaching diameters between
1cm and 2cm at the time of the current maximum , depending on the gas, the gas density, and
the discharge voltage.
Two different channel initiation methods were used successfully: laser initiation with am-
monia and ion beam initiation with various noble gases, most importantly xenon and krypton.
Laser initiation with a carbon-dioxide laser requires an absorption band at roughly 10µm in
the gas for a sufficient laser absorption, thus limiting its use to ammonia in our experiment.
This limitation does not apply to initiation with a short-pulse laser, as is proposed in the as-
sisted pinched transport scenario. The channel formation was studied with CYCLOPS, a one-
dimensional magnetohydrodynamical code. A simulation of the full channel creation process,
that is laser-initiation, prepulse, and main discharge, was performed. The results agree quali-
tatively with the observations, but due neglected affects in the modelling the calculated plasma
temperatures and related quantities, such as the conductivity, are too high.
The transport properties of the channel were studied in detail. A 209Bi beam with a kinetic
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energy of 11.4MeV was used in the experiments. The transport was studied quantitatively by
measuring the beam size at the end of the chamber. This measurement was repeated at various
stages of the discharge, thus yielding a time series. In addition, the channel diameter was
measured at each stage. In combination with the measurement of the discharge current, this
makes it possible to compare the measurements with that is expected if one assumes that the
particle motion is described by betatron motions. The final size of the beam is very sensitive
to both the discharge current and the channel radius, so it is not actually possible to fit the
measurements with theoretical curves, due to the uncertainties of the measurements. Five time
series were thus determined: one for xenon, and two for ammonia and krypton, respectively.
Qualitatively, the measurements are consistent with the assumption of betatron oscillations,
indicating a (nearly) homogeneous current density in the channel. Another indicator for a
homogeneous current density is the fact that the ion beam is not distorted, since distortions
would indicate non-linearities caused by variations in the current density.
Another focal point of this study is the examination of channel instabilities. Fortunately,
no instabilities were observed for normal operating conditions. After an intensive search for
instabilities in ammonia, it turned out that instabilities do develop, but only at pressures above
15mbar. The instabilities show the characteristics of kink instabilities, since they have a helix-
like structure. The evolution of the instability was studied quantitatively by analyzing a series
of images taken with a framing camera. The analysis yielded the amplitude of the instability
and the averaged channel radius at eight subsequent times during the discharge. The measure-
ments were compared with a simple analytical model for kink instabilities. As predicted by
the model, the wavelength of the instability is constant (within the margins of error) for iden-
tical discharge conditions and the growth of the instability is exponential as predicted. Yet the
growth rates and the wavelength determined in the measurements differ from the predictions
of the model, but this is not surprising as the model makes several assumptions that do not
hold in our experiment, for instance that the whole discharge current flows on the surface of
the channel.
This study has demonstrated the feasibility of creating discharge channels with parameters
close to those required in a reactor. So far, no major obstacles for applying the scheme for the
transport of high-current beams have been discovered. The most important point now would
be to study the transport properties for high-current beams, which are so far only studied with
simulations. Unfortunately, such beams are not available. An alternative is to use high-current
proton beams, but since their stopping range is much shorter than that of the ions, it is not
clear if the results of such measurements are applicable to heavy-ion beams. All in all, the
results of this work show that the assisted pinched transport mode is a promising alternative to
neutralized ballistic focusing and should as such be considered when designing a test facility.
A. Rate coefficients for a Maxwellian
velocity distribution
The collision rates for various collisions (electron-electron, electron-ion) are necessary for
calculating various transport properties like thermal and electrical conductivity. These calcu-
lations in turn require the rate coefficients < σ v >, which are calculated by averaging over the
velocity distribution f (v). The simplest case, which we will use here, is to assume an isotropic
Maxwell distribution







where n denotes the number density, m the particle mass, and T the temperature of the parti-
cles. The rate coefficient is defined by
< σ v >=
∫
σ(v) ·v · f (v)d3v (A.2)
In general, the cross-section σ depends on the speed of the particles. If we write the integral
in spherical coordinates, we obtain
< σ v >=
( m
2pi T
























where lnΛ is the Coulomb logarithm and Zeff = ∑i niZi/∑ j n j. Inserting this in equation A.3
yields
< σ v >=
√
2





This formula does not include the mass and the velocity of the ions, since our calculation
tacitly used the approximation of ions of infinite mass.
B. An analytical model for the dynamics
of a z-pinch
In the following, an analytical model for the z-pinch is derived (S. Yu, private communica-
tion). The model describes the evolution of a homogeneous z-pinch with azimuthal symmetry,
so cylindrical coordinates are used for convenience. The symmetry conditions for the fluid
velocity v, the mass density ρ , the pressure P, the current density j and the magnetic field B
are
v = v(r, t) ·er;ρ = ρ(r, t);P = P(r, t); j = j(r, t) ·ez;B = B(r, t) ·eθ (B.1)








(r ·ρ ·v) = 0 (B.2)



















using partial integration in the last step. Since the channel has only radial dynamics, the mass
line density N
N = pi ·r20 ·ρ0 (B.4)
is constant and can be calculated from the initial conditions (r0: initial radius, ρ0: initial mass
density in the channel). In the following it is assumed that the mass density and current density
inside the channel are homogeneous during the whole discharge. The dynamics of the pinch












r3ρ dr = 1
2
R2ch (B.5)
where Rch is the channel radius. Using this relation, Equation B.3 can be written as





r2 ·ρ ·vdr (B.6)
The magnetic force equation
ρ · dvdt =−∇P+ j×B (B.7)






− j ·B (B.8)
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 dr
(B.9)
The first integral can be simplified by partial integration∫
∞
0
2pi ·r · ∂
∂ r







2pir ·ρ ·v2 dr =−〈v2〉N (B.10)





















If we expand the second time derivative
d2
dt2 R





























The dynamics of the pinch is determined by the magnetic force j ·B and the pressure gradient.
































2pi r ·Pdr (B.17)
leaving an integral over the pressure. The calculation of the pressure term is complicated by
the fact that the discharge heats up the channel, so that the channel temperature is not constant.
We therefore split the pressure in an adiabatic part Pad, that describes the channel pressure if
no heating takes place, and a part Pheat that takes the temperature increase due to heating into
account:
P≈ Pad +Pheat (B.18)
The adiabatic part can be calculated from the initial conditions











since the density is proportional to 1/R2. So the first part of the integral in Equation B.17
yields ∫ √2R
0
2pi r P0 ·
R2γ0
R2γ




The pressure increase due to ohmic heating is more difficult to calculate. The change in the
energy density ε caused by ohmic heating depends on the conductivity σ and the current
density
dε





















and depends on the degrees of freedom f . Inserting this in the pressure integral yields∫ √2R
0








































R4(τ) ·σ(τ) dτ (B.26)




CYCLOPS is a one-dimensional magnetohydrodynamical code developed at LBNL to study
the dynamics of z-pinches. The reduction to one spatial dimension is achieved by assuming
cylindrical symmetry and neglecting variations along the channel axis, for example end effects
near the electrodes. Using cylindrical coordinates, all plasma parameters then depend only on
the radial coordinate r and the time t. The code uses a Lagrangian fluid description, so mass
conservation is guaranteed. At the beginning of the simulation, the volume of the discharge
chamber is divided in con-axial cylindrical shells with a volume Vi, which is given by
Vi = lch ·pi ·(r2i+1− r2i ) (C.1)
where lch is the length of the discharge chamber, ri the inner radius of the shell and ri+1 the
outer radius of the shell. As the numerics is Lagrangian, the mass inside the shells stays
constant during the whole simulation, thus resulting in a change of mass density ρ given by
ρi(t) = ρi(t = 0) ·
r2i+1(t = 0)− r2i (t = 0)
r2i+1(t)− r2i (t)
(C.2)
The plasma is modelled by a MHD model, which assumes identical electron and ion temper-
atures and quasi-neutrality, so that the whole plasma dynamics is described by the electron
dynamics. The evolution of the electron particle density is governed by a continuity equation
that takes ionization as well as recombination into account:
∂ne
∂ t
+∇ ·(vne) = α ·ne︸ ︷︷ ︸
ionization
− αr ·n2e︸ ︷︷ ︸
recombination
(C.3)
The ionization is governed by an avalanche coefficient that depends on the density and the
electric field. The avalanche coefficient is calculated from an empirical model[Sha98]
α =
C0 · peff ·S3
1+C1 ·S+C2 ·S2 +C3 ·S3 (C.4)
The function S is given by
S = E2z /P20 (C.5)
with peff = max(0,κ T0(ng − ne)), p0 = ngκT0, and T0 = 273.15K. The parameters Ci are
empirical fitting parameters which depend on the gas used in the chamber.
The evolution of the fluid velocity v is described in the force equation, which considers the
magnetic force as well as the effect of pressure gradients:
ρ · dvdt = j×B−∇p (C.6)
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where j is the current density, given by Ohm’s law
j = σ (E+v×B) (C.7)




The momentum-transfer collision frequency νm is again described by an empirical model[Sha98]




again with empirical parameters depending on the gas used.
The change in the energy density ε is given by
dε
dt =− ∇ ·q︸︷︷︸
heat flow




−σsb ·T 4/λ︸ ︷︷ ︸
radiation
− EI(α−αr ·ne)ne︸ ︷︷ ︸
ionization/recombination
(C.10)
The heat current q is given by the Fourier ansatz
q =−κ ·∇T (C.11)





where M is the mass of the ions. The electromagnetic fields are connected to the current
and charge density by Maxwell’s equation. If the displacement current is neglected, which
is a typical assumption in MHD and valid as long as no very fast phenomena, such as light
propagation, are considered, the Maxwell equations can be combined with Ohm’s law and














where rch is the chamber radius. The chamber is connected in series with an external capacity,
an external resistor, and an external inductance, which model the pulse generator and the
cables. The code can model the hydrodynamic expansion after laser heating, the prepulse, and
the main discharge.
D. Saha equations
The knowledge of the ionization state of a plasma, especially the effective charge of the ions, is
essential to calculate important plasma properties like collision frequencies. If we assume that
the plasma is in local thermal equilibrium with a (local) plasma temperature T and density ne,
we can derive the ionization degree by the use of statistical mechanics. In thermal equilibrium,

















Here gz is the statistical weight for the charge state z, Ez is the ionization energy for the charge
state z, and ∆Ez is the decrease of the ionization energy due to plasma effects. The correction





We now determine the ionization degree of an ammonia plasma. Ammonia starts to dissoci-
ate at about 2000K[Ger85]. Since we study temperatures in the electron volt range, we can
assume that the ammonia is already fully dissociated and neglect the dissociation process
NH3 → 3H+N (D.3)
The possible species in the plasma are HI, HII and NI-NVIII. The ratio of hydrogen to nitrogen
is constant, independent of the ionization degree. Furthermore the total charge of the ions
must be identical to the negative of the electron charge. If we put this information together,
we obtain a system of linear equations:
1 1 −3 −3 −3 −3 −3 −3 −3 −3
0 1 0 1 2 3 4 5 6 7
a0 −1 0 0 0 0 0 0 0 0
0 0 a1 −1 0 0 0 0 0 0
0 0 0 a2 −1 0 0 0 0 0
0 0 0 0 a3 −1 0 0 0 0
0 0 0 0 0 a4 −1 0 0 0
0 0 0 0 0 0 a5 −1 0 0
0 0 0 0 0 0 0 a6 −1 0





























The coefficients ai are the ratios given by equation (D.1). Solving this equation system yields
the composition of the plasma and the effective charge state.
The statistical weight for the hydrogen atom is calculated directly. The calculated Saha
equilibrium for an electron density of ne = 10221/m3 is plotted in figure D.1.
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Species Ground state Ionization energy gi
NI 1s22s22p3 14.53eV 20
NII 1s22s22p2 29.60eV 15
NIII 1s22s22p1 47.45eV 6
NIV 1s22s2 77.47eV 28
NV 1s22s 97.89eV 8
NVI 1s2 552.08eV 1
NVII 1s 667.03eV 2
NVIII (nucleus) - 1
Table D.1.: Ionization energies and statistical weights of nitrogen[Nie02, Her45, Arn85,
Sob79].




















 = 1022 1/m3
Figure D.1.: Saha equilibrium
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